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Abstract 
This body of work was aimed at an investigation into the morphology and size 
distributions of particles generated during the burning of bulk metal rods in normal 
and reduced gravity environments in high-pressure oxygen. Materials used were 
aluminium and titanium; however, methods are suitable for other metals and alloys 
– provided conditions are such that they burn. Tests were conducted similarly to 
promoted ignition tests (ASTM G124) with the resulting particles collected using an 
acetone wash. These particles were dried and analysed primarily by Scanning 
Electron Microscopy (SEM). 
Particle size distributions were significantly broader with a higher mean in reduced 
gravity and/or lower pressure. This means there was an increased quantity of larger 
particles produced under these conditions and fewer smaller particles, when 
compared to normal gravity and/or higher pressure. 
The burning of bulk aluminium rods in high pressure oxygen in normal gravity 
resulted in white hollow spheres of aluminium oxide. These particles make up less 
than 5% of the total mass of material; the rest of the material ends up as 
resolidified mass at the bottom of the chamber. The size distribution of particles 
analysed ranged over three orders of magnitude, from approximately 1 µm to 1000 
µm and strongly correlated to a lognormal distribution. The effect of pressure and 
gravity level on the particle size distribution was significant, where the particle size 
distribution was broader with a higher mean in lower pressure and/or normal 
gravity conditions. The effect of pressure and gravity level on the particle 
morphology was very weak. An individual particle's size was observed to be the 
dominant factor affecting that particle’s morphology. Outer surfaces of particles 
with diameters greater than 200 µm had mostly non-dendritic surfaces; those with 
diameters between 10 and 200 µm typically had dendritic surfaces; and those with 
diameters smaller than 10 µm had smooth featureless surfaces. Inner surfaces of 
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particles tended to have various dendritic structures. Dendritic structures had a 90° 
angle between primary and secondary arms for aluminium tests. 
The burning of bulk titanium rods in high pressure oxygen resulted in small particles 
that appeared as a dark grey powder. The size distribution of particles analysed 
ranged over two orders of magnitude from approximately 0.5 µm to 50 µm and 
strongly correlated to a lognormal distribution. The effects of pressure and gravity 
level were very similar to those observed for aluminium; however, there was much 
less particle mass produced and the particles were typically much smaller in 
titanium tests compared to aluminium tests. A range of morphologies were 
observed for particles analysed from titanium tests, generally: particles greater than 
100 µm had a mix of low-ordered dendritic and granular outer surface structures; 
particles between 10 and 100 µm had dendritic or cellular outer surface structures; 
and particles smaller than 10 µm had smooth featureless surfaces. Like particles 
analysed in aluminium tests, primary and secondary dendrite arms had a 90° angle 
between them for titanium tests. 
The formation process of hollow spheres is discussed, along with the effects of 
igniter wire, lognormal bias in data collection, and the formation of holes and cracks 
on particle surfaces. 
This work has impact on areas of fundamental combustion science, risk 
management, failure analysis and fire safety in terrestrial and reduced gravity 
applications. 
Future work includes: investigating the crystal phases in particles, performing 
similar analysis for other metals and the testing component failure in real systems. 
Additionally, the sintering of particles from burning metals may produce materials 
with desirable qualities such as low density, high compressive strength, high specific 
surface area and sound absorption properties. 
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 ‎Chapter 1: Introduction 1 
Chapter 1: Introduction 
This thesis investigated particles collected from burning aluminium and titanium 
rods in pressurised oxygen in normal and reduced gravity. The collected particles 
were analysed to show how the pressure and gravity level affect the particles 
produced and the burning reaction as a whole. This work was particularly interested 
in the size distribution and morphology of the particles. 
This chapter serves as an introduction to the burning of materials in reduced 
gravity, why it is useful and what this research aims to provide. Section 1.1 outlines 
general burning of materials in reduced gravity. Section 1.2 describes the 
hypotheses of the research and how they were tested. Section 1.3 expounds the 
significance of this topic of research. The research problem, scope and approach in 
sections 1.3-1.5 outline the aims of the research and how they were approached. 
1.1 BACKGROUND 
The burning characteristics exhibited by materials are distinct between terrestrial 
environments (noted as normal gravity environments) and reduced gravity 
environments. With greater development and adoption of space technologies in the 
near future, there is considerable concern for fire safety and risk management in 
reduced gravity environments. This is highlighted by the lack of knowledge and data 
regarding the gravity dependence of various combustion phenomena for many 
commonly used materials. Additionally, normal gravity test data cannot be 
converted to predict reduced gravity data. For the burning of non-metal materials in 
oxygen (according to the method of ASTM D2863 [1]), using normal gravity data in 
lieu of reduced gravity data is conservative, since non-metal materials are less 
flammable in reduced gravity; for the burning of metals in oxygen (according to the 
method of ASTM G124 [2]), using normal gravity data is non-conservative, since 
metals are more flammable in reduced gravity [3]. Using non-conservative data for 
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designing systems and decision-making allows failure under expected operating 
conditions. 
A fundamental reason behind the differences observed between burning in normal 
gravity and reduced gravity is the influence of buoyancy. Natural convection is 
caused by buoyancy, where less dense fluids rise and more dense fluids sink. For 
burning reactions, this allows hot combustion products to quickly rise from the 
reaction region, allowing fresh oxidiser to react with fuel, thus leading to the 
propagation of the reaction. In reduced gravity, the absence of buoyancy (natural 
convection) allows mass diffusion to become a significant rate-limiting factor when 
gas phase burning occurs. When liquid phase burning occurs in reduced gravity, less 
dominant heat transfer mechanisms become more influential, such as 
thermophoretic forces and Marangoni forces (forces caused by non-uniform surface 
tension). 
An unexplored area of microgravity materials research is the characterisation of the 
products of burning in reduced gravity. There is a range of burning products 
produced in various phases and stoichiometries – depending on the conditions and 
fuels considered. These include; metal oxide powders and particles, light organic 
compounds, soots, carbon monoxide and carbon dioxide. Within the literature, 
there is great support and agreement that burning non-metals in reduced gravity 
produces more partially oxidised products and more products in total [4, 5]. 
Generally, the burning reaction of non-metals in reduced gravity is slower. For 
metals, the burning reaction in reduced gravity has been shown to be more intense, 
with both greater oxidation states and lesser oxidation states having been observed 
[6]. Particularly for combustion product particle sizes, reduced gravity experiments 
on the burning of various hydrocarbon gases, Tefzel, n-heptane droplets, zinc, 
vanadium, molybdenum, tungsten and silicon produced significantly larger sizes up 
to a reported 100% increase compared to normal gravity results [5, 7-12]. 
In terms of fuels studied within this area of research, studies of gas phase diffusion 
and premixed flames dominate the field, leaving the study of metals and, in general, 
condensed phase fuels limited in the literature. Condensed phase fuels include any 
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material in liquid or solid states capable of undergoing oxidation. The burning 
characteristics of these materials differ from the burning of gases in premixed and 
diffusion flame configurations due to the relatively large heat conduction of 
condensed fuels and changes to fuel and oxidiser mass transport over time due to 
various factors, particularly in the case of metals. Figure 1, Figure 2 and Figure 3, 
highlight the differences between the burning of a condensed phase fuel (metal 
rod) and a gas diffusion flame configuration. 
 
Figure 1 - Iron burning in normal gravity (shown in 0.25 second intervals) [13]. 
 
Figure 2 - Iron burning in reduced gravity (shown in 0.5 second intervals) [13]. 
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Figure 3 - Diffusion flame in normal (left) and reduced gravity (right) [14]. 
In Figure 1 and Figure 2, the metal was ignited by an overwhelming ignition source 
in a high-pressure oxygen environment, thus allowing propagation of the reaction 
up the metal rod. The rod is ignited at the bottom of the sample rather than the top 
because this leads to more reproducible experiments and is in accordance with the 
ASTM G-124 standard (as well as other similar standards). In the reduced gravity 
case (Figure 2), notably, the molten mass grows and does not detach. The 
combustion reaction for metals is generally heterogeneous, that is, the reactants 
are of differing phases – liquid fuel and gaseous oxidiser, where the burning takes 
place at an interface. Figure 3 shows a gas diffusion flame in normal and reduced 
gravity. Note that a flame in normal gravity is not stable (tends to randomly flicker) 
due to the force of buoyancy on the hot burnt gas, whereas in reduced gravity, a 
stable flame is typically obtained and it is less luminous. The combustion reaction in 
a gas diffusion flame is homogeneous, that is the fuel and oxidiser are of the same 
phase. It has been shown that the reaction rate of most heterogeneously burning 
fuels, such as metals, is increased in reduced gravity, whereas the reaction rate of 
diffusion flames, such as gases, is decreased [13]. 
1.2 RESEARCH OBJECTIVES 
The main objective of this research is to demonstrate and explain the differences in 
combustion product size distributions and morphologies for metal fuels, for the use 
of risk management, failure analysis and fire safety in reduced gravity applications, 
as well as advancing fundamental combustion science. This work will focus on the 
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burning of bulk metal rods in a high concentration, high pressure oxygen 
environment. The selected materials to be investigated in this research are 
aluminium (Al) and titanium (Ti). 
The parameters of interest are the size distribution and morphology of the particles 
produced from the burning of these metals to demonstrate how they vary with 
changes in pressure and gravity level. By experimentally determining these 
parameters from the burning of the selected materials, the formation mechanisms 
for such particles can be determined and improved methods regarding the 
detection and filtration of these particles can be enabled, as well as some 
relationship between pressure and particle size distribution. Furthermore, this 
research presents the possibility of producing particles of specified sizes and 
morphologies as desired for industrial applications such as biomedical applications, 
pigmentation and the semiconductor industry. 
1.3 SIGNIFICANCE 
There were four main reasons for the importance of conducting this research: fire 
safety in reduced gravity environments, the design of life support systems, the 
production of specific morphologies for engineering applications, and to further the 
understanding of burning in normal and reduced gravity environments. 
Fire safety on board spacecraft is critical for the reliability, improvement and 
development of space technologies. In addition to the excessive generation of heat 
during a fire event, combustion products include toxic and corrosive chemicals, 
which pose a serious threat not only to humans (due to the limited egress areas on 
board), but to the spacecraft systems and structure. The familiar mitigation 
methods adopted in systems operating solely in normal gravity cannot be directly 
translated into fire safety standards for systems operating in reduced gravity 
environments. This includes the procedures and equipment regarding detection and 
suppression of fires. 
The design of life support systems for use in normal and reduced gravity 
environments is clearly influenced by expected operating conditions. If a 
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requirement of the life support system is to filter harmful particles from the air, 
such as toxic or corrosive combustion products, then knowledge of the size and 
morphology of possible particles is essential. 
Small particles of specific morphologies and sizes are used for a variety of 
engineering, biomedical and industrial applications, such as; pigmentation, 
semiconductor technologies, seeding, chromatography, pharmaceuticals, solar cells, 
batteries and super-capacitors [15, 16]. By conducting experiments without the 
influence of gravity, it is expected that the morphology of particles produced will 
differ from those produced under similar conditions in normal gravity. Although a 
very slight gravity dependence was observed when studying the morphology of 
Teflon and Tefzel particles [10], it is expected that there is gravity dependence on 
the morphology of metal oxides, which have crystalline structures and undergo 
phase changes, unlike Teflon and Tefzel. The growth of larger and purer crystal 
structures in reduced gravity has been widely published [17-20]; however, the 
methods used in producing these crystal structures differ greatly to those in this 
research. 
Lastly, this research ultimately advances the understanding of burning reactions in 
normal and reduced gravity. Thermodynamic and kinetic theory, as it is currently 
understood, can neither precisely simulate nor predict combustion phenomena due 
to the complex nature of the chemical reactions, mass transport and heat transfer 
regardless of the effects of gravity, especially for condensed phase fuels. With 
increased understanding of burning in normal and reduced gravity, the 
advancement of many technologies will be further enabled including space 
habitation, fire safety, biomedical and nano-technology. 
1.4 RESEARCH PROBLEM 
The burning of metallic materials typically releases varying amounts of particulate 
matter into the surrounding environment. These small particles may not only be 
harmful to humans and machinery, but may provide a means of detection for a fire 
event. For example, fires in spacecraft pose a detrimental risk to all experiments 
and equipment on board including the craft itself. For the detection and filtration of 
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these particles, designers of such systems require information on the particle size 
distributions and morphologies such that the detection or filtration system can 
accurately target specific types of particles through exploitation of this knowledge.  
It has been shown that reduced gravity has a great effect on the size distributions 
and a small effect on morphologies of particles produced in the limited studies on 
the combustion of several condensed phase materials. As a result, a fire detector 
used for domestic or industrial purposes may not accurately detect a fire when 
installed in a spacecraft. 
Additionally, investigating the relationship between particle size and morphology 
with pressure could have significant benefit to the failure analysis of oxygen fires. 
When an oxygen fire involving metal components occurs, there is typically little 
evidence to help investigators determine the root-cause. A correlation between 
combustion products and pressure would provide investigators with great 
knowledge towards the root cause. 
Ultimately, there has been limited research aimed at characterising combustion 
products of condensed phase materials, especially for metal fuels. 
It is hypothesised that in reduced gravity, the particle size distributions will be 
broader with a higher mean, and the particle morphologies will be different, when 
compared with normal gravity measurements. These hypotheses were based on 
trends from the literature, where metals burned hotter and particle residence times 
were longer in reduced gravity [3, 7]. The morphologies in reduced gravity will be 
different in terms of the shape, where particles will tend towards minimising 
surface area and have more time to do so, and crystal structure where applicable, in 
which crystal structures will be larger and with fewer defects. The product 
stoichiometry may also be different in reduced gravity due to novel cooling curves.  
The aim of this work is to quantify and contrast the size distributions and 
morphologies of the combustion products of metal rods in normal and reduced 
gravity, and validate the hypotheses stated above. It is expected that the particle 
size distributions will be broader with a higher mean, and the particle morphologies 
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will be different in reduced gravity when compared to normal gravity 
measurements. The following research questions will be specifically evaluated: 
How and why do the size distributions and morphologies of the burning products of 
metals differ in normal and reduced gravity? 
How does test pressure (in pure oxygen) affect the size distributions and 
morphologies? 
What other factors can be identified which affect the size distributions and 
morphologies of particles? 
How can these factors be manipulated as to achieve some control over the size 
distributions and morphologies produced? 
1.5 RESEARCH SCOPE AND APPROACH 
The scope and approach to validate the hypothesis and questions raised are; 
 Select materials. The material selection should include materials commonly 
used in reduced gravity and normal gravity applications, and are likely to 
burn if an oxygen fire event develops. 
 Develop and maintain test apparatus and procedures suitable for drop 
tower experiments. It is of critical importance that the apparatus is capable 
of producing repeatable results and that suitable methods are devised to 
accurately define differences between the normal and reduced gravity 
results. One of the major requirements of the test apparatus is to withstand 
the large forces at the conclusion of a drop test. 
 Perform testing in normal and reduced gravity, and collect burning products 
for microscopy analysis. 
 Analyse size distributions and morphologies of particles formed from the 
burning of selected materials in normal and reduced gravity and the effects 
of pressure. From this analysis, materials will be characterised for typical size 
distributions and morphologies of particles in normal and reduced gravity, 
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providing critical data to validate the hypothesis. Other outcomes may 
include trends between materials, their properties and possibly data to 
support flammability limit experiments. 
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Chapter 2: Literature Review 
There has been significant research over the last few decades aimed at better 
understanding the effects of gravity on all aspects of combustion. One area of 
research within the combustion literature is focused on the characterisation of 
combustion products, which include; metal oxide powders, light organic 
compounds, carbonaceous soots, carbon monoxide and carbon dioxide.  
In normal gravity, natural convection has a significant influence on combustion 
processes [12, 21]. This is due to the buoyant forces controlling the mass transfer 
rates. If buoyancy is removed or minimized, as in reduced gravity environments, the 
effects of diffusion often become significant (especially for homogeneously burning 
materials) along with several, usually suppressed, heat transfer modes. 
It was shown by Manzello et al. that for homogeneously burning materials, radiative 
heat transfer is greatly increased, relative to conduction and convection, under 
reduced gravity conditions [7]. This is explained by materials burning homogenously 
in reduced gravity generally generates more partially oxidised products, due to 
lower oxidiser mass transfer rates, which have a longer residence time due to lower 
product mass transfer rates, and thus absorb greater amounts of energy. Some of 
these partially oxidised products are solid phase particles, which release energy by 
black-body radiation. Also, it is important to note that the radiation of 
carbonaceous particles is magnitudes greater than the non-luminous radiation 
associated with gas species, like carbon dioxide, which is characteristic of complete 
oxidation. 
There are good reasons for performing research to characterise the combustion 
products of materials in reduced gravity. Fire safety on board spacecraft is a critical 
issue as burning in zero-gravity is demonstrably different from burning in normal 
gravity. This means that the solutions to detection, suppression, damage and 
hazards related to fires on Earth cannot be directly applied to fire safety standards 
in reduced gravity environments on spacecraft or stations. The design of life 
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support systems, especially those that employ filtration, requires data of the 
particle sizes and morphologies in order to remove them. The failure analysis of 
components in high pressure oxygen systems, where particles produced during 
catastrophic failure of the component tend to be readily collected, may be 
improved with a correlation between oxygen pressure and particles size 
distribution. Environmental impacts and restrictions on particulate emissions are 
also strong motivation for this research [22, 23]. In addition to lowering emissions, 
Choi et al. showed that the efficiency of large boilers and furnaces can be increased 
with data pertaining to soot formation [23]. The production of unique particle 
morphologies can have significant advantages in numerous engineering and 
industrial applications ranging from pharmaceuticals to chromatography to solar 
cells [15, 16]. Lastly, furthering the knowledge of combustion processes closes a gap 
in fundamental thermodynamic theory leading to potentially new discoveries and 
technologies in numerous areas of science and engineering. 
2.1 DIFFUSION FLAMES 
The majority of research into characterising the products of burning in reduced 
gravity has been conducted for gas diffusion flames, where both the fuel and the 
oxidiser are gases. This mode of burning is described as homogeneous as both fuel 
and oxidiser are of the same physical state during reaction. A common example of a 
gas diffusion flame is a gas stove, where the fuel (natural gas), is continuously fed 
into the reaction zone to react with the oxidiser (oxygen in the air). The differences 
that arise for gas diffusion flames in reduced gravity environments stem from 
elimination or reduction of buoyancy forces and lead to a range of observed 
phenomena including decreased convective heat transfer, increased radiative heat 
transfer, longer soot residence times, more partially oxidised products and higher 
volumetric soot production. 
The research performed by Faeth and co-workers provided a great deal of initial 
knowledge into the effects of buoyancy on flame structure and soot properties [24-
27]. These experiments adopted the laminar flamelet approach, where temperature 
and species concentrations were functions of the mixture fraction, allowing for 
realistic calculations of chemical kinetics in turbulent flames. They found that the 
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soot residence times were an order of magnitude higher in reduced gravity and that 
the flame, in spatial terms, had broader soot containing regions and soot oxidation 
regions. These results agreed with the results of many other later publications, 
establishing that gas diffusion flames produce a larger volume of soot in reduced 
gravity environments compared to identical conditions in normal gravity [8, 28-37]. 
To quantify the increased production of soot in reduced gravity, Greenberg 
performed measurements of soot volume fractions in reduced gravity diffusion 
flames [38]. Soot volume fraction is given as the volume of soot per unit volume of 
space and is used because it is a simple and repeatable measurement. It was found 
that the peak soot volume fraction in reduced gravity was a factor of two larger 
than in normal gravity for laminar 50:50 acetylene-nitrogen diffusion flames. 
However, for 100% acetylene diffusion flames, repeated studies found no 
difference in peak soot volume fraction. Ku et al was able to show a larger soot 
volume fraction for 100% acetylene diffusion flames integrated over time [39]. 
Many studies have agreed with Greenberg’s result that in reduced gravity, the peak 
soot volume fraction approximately doubles for various reactants, however this 
inconsistency with 100% acetylene fuel suggests some other phenomena may have 
played a role. In closer investigations of local soot formation, it was found that local 
soot volume fractions were a function of local formation times and local oxidation 
residence times, rather than global residence times [40]. Fuentes further theorised 
that the soot concentrations were the result of soot formation and oxidation 
processes in competition with each other [21]. These processes were under the 
influence of local oxygen concentrations, which were directly linked to the flow field 
structure of the diffusion flame. In other words, the variation of the size and 
amount of soot around a flame was due to the varying local conditions. Yozgatligil’s 
research into the influence of oxygen concentration on sooting behaviour of 
ethanol droplet flames in reduced gravity agreed with Fuentes’ assertion, however, 
added that the rate of pyrolysis played an important role in soot concentrations for 
droplet combustion [41]. An alternative approach to investigate the effects of 
reduced gravity on soot production in terms of soot volume fractions or soot 
concentrations was to consider soot production mechanisms. 
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By studying soot production mechanisms, Harris and Wiener, and Vandsburger et al. 
showed in premixed and diffusion flames respectively that the total mass of soot 
was primarily influenced by the growth of incipient soot particles, not the formation 
of additional particles [42, 43]. These results further reinforced that the longer 
residence times implicit to reduced gravity flames lead to greater soot production. 
Many experiments observed increased growth of incipient soot particles in reduced 
gravity, with a general trend of particle sizes doubling when formed under reduced 
gravity [8, 44, 45]. The morphologies and elemental compositions were found, 
however, to be unaffected by gravity level [44, 45]. In addition to the increased 
particle sizes in reduced gravity, the distribution of particles sizes increased in 
range. 
 
Figure 4 - Tefzel combustion product particle size distributions under normal and 
reduced gravity [10]. 
Studies on the effect of pressure on soot production have shown that for several 
fuels, the generation of soot increases and the removal of soot through oxidation 
decreases with increasing pressure [46, 47]. This was also found to be true for spray 
combustion and premixed flames [48-54]. The residence time of particles in 
diffusion flames, based on measurements of flame height and exit velocity, was 
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found to have a non-monotonic relationship with pressure, where a peak residence 
time occurs at relatively low pressure [55]. These experiments have not been 
repeated in reduced gravity for comparison. 
Knowledge of gas diffusion flame behaviour in normal and reduced gravity is of 
limited use in this research though the trends are of interest. The metallic materials 
under consideration for this research, being aluminium and titanium, burn primarily 
as a heterogeneous reaction between liquid metal fuel and gaseous oxidiser. 
However, there is substantial evidence of homogeneous phase burning occurring, 
especially for aluminium [56]. Additionally, some aspects of the behaviour of 
diffusion flames in normal and reduced gravity apply to the materials of interest, 
such as increased residence time resulting in larger particles in reduced gravity. 
2.2 BURNING OF METALS 
Metals are widely used for their thermal, chemical and structural stability. However, 
in extreme conditions of high pressure and high oxidiser concentration, metals can 
become very reactive which ends in catastrophic failure of the system. System 
designs must incorporate knowledge about safe limits of materials, especially when 
conditions of operations require high energy states or the potential of high energy 
reactions. This is the rationale behind research into oxygen compatibility of 
materials. After a burning event, numerous hazards exist, which are not as well 
studied as preventing the burning event. When a burning event occurs; the energy 
released can cause ignition of nearby objects and the combustion products directly 
produced from the burning of the metal may be suspended in the air if small 
enough. The latter may not be an issue on terrestrial environments as evacuation is 
a simple task, however in spacecraft, it may be desirable to contain and clean up 
after such an event. In either case, determining what happens to the combustion 
products after the fire event in normal and reduced gravity environments is 
essential to fire risk assessment. 
Another dimension to this research was the application to metal oxide particle 
synthesis. There has been a vast array of methods investigated for the production of 
metal oxide powders, each with strengths and limitations. A strength of most 
synthesis methods is that the number of different particle morphologies which can 
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be achieved are few, leading to a homogenous product. However, this also allows 
the production of novel morphologies, where novel synthesis methods may be 
required. Particle morphology broadly includes particle shape and crystal structure. 
The burning of bulk metal samples is inefficient in terms of converting bulk metal 
into metal oxide particles and only practical for metals which burn largely in the 
vapour phase. Despite this inefficiency, it may be able to produce particles with 
unique morphology, and subsequently, unique properties leading to new 
applications and innovations. 
2.2.1 Burning of Bulk Metallic Materials 
A substantial portion of the research into combustion of metallic materials in 
reduced gravity is aimed at determining the conditions where metallic materials: 
become reactive, are able to self-sustain burning reactions or fail structurally [57-
61]. For many of these experiments, samples tend to be cylindrical bulk metal rods 
with the aim to determine the minimum oxygen pressure required for the sample to 
propagate the reaction some distance up along the rod, as per the ASTM G124 
standard [2]. The relative values of metals tested gives indication of which metals 
are suitable for certain conditions of oxygen pressure. Observations and 
measurements related to the burning products during these experiments, if 
published, are often lightly discussed as interesting but not subjected to further 
investigation. Identical experiments carried out under normal gravity conditions are 
evidently much more numerous, but characterisation of combustion products 
produced are very rarely discussed. 
There are few investigations specifically aimed at characterising the combustion 
products of metallic materials, which are typically metal oxide powders of varying 
sizes. Wilson et al. conducted experiments on bulk samples of zinc, vanadium, 
molybdenum, tungsten and silicon at pressures ranging from 3.44MPa (500 psi) to 
68.9MPa (10000 psi) to investigate the fundamental mechanisms of metals 
combustion [9]. They found that each metal produced powder of a distinctive shape 
and size distribution. The effect of oxygen pressure on shape and size was also 
investigated and showed that increased pressure generally yielded larger particle 
sizes (this was not the case for tungsten). The research conducted by Wilson et al. 
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was aimed at analysing metals combustion in regards to classifying the type of 
reaction, determining the oxygen transport mode and coupling findings to a 
previously published phase diagram. From the results, it was shown that bulk 
metals combustion is mostly a heterogeneous reaction where oxygen is adsorbed 
onto the metal surface (solid/gas reaction) or oxygen is absorbed into the liquefied 
metal (liquid/gas reaction). Beyond this, a number of differences between the 
burning behaviour of individual metals may arise. Vanadium and zinc, for example, 
have been shown to burn in a heterogeneous reaction, whereas molybdenum, 
silicon and tungsten have been shown to burn in a surface reaction with subsequent 
decomposition or volatilisation of metal oxide followed by recombination or 
absorption on small spherical particles. This was largely based on the size and the 
spherical shape of the small oxide particles (~5 µm diameter), which was consistent 
with volatile oxides depositing on small drops [9]. A summary of the morphology 
results of this investigation is shown in the table below. 
Table 1 - Normal gravity products of burning for several metals [9]. 
Material Pressure 
(MPa) 
Description/Morphology 
Tungsten 3.44 Spherical particles 75-500 µm diameter, jagged 
particles 50 µm or less 
34.4 Spherical particles 75-500 µm diameter, jagged 
particles 50 µm or less 
68.9 Spherical particles all less than 5 µm diameter 
Molybdenum 6.89 Spherical particles 1 µm and smaller 
68.9 Jagged particles ranging in size from less than 
10 µm to 500 µm 
Silicon 27.6 Spherical particles, ranging from less than 5 µm 
up to 100 µm 
41.3 Spherical particles, ranging from less than 5 µm 
up to 200 µm 
55.1 Spherical particles, ranging from less than 5 µm 
up to 200 µm 
 
In addition to the work of Wilson et al., there are publications of other experiments 
not primarily interested in the characterisation of combustion product of bulk 
metallic materials. Several publications on the burning of metal rods for the 
determination of material flammability limits and combustion behaviour reported 
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observations on combustion products. In experiments by Scown et al., burning 
titanium rods resulted in a light coat of powdered oxide evenly distributed 
throughout the combustion chamber [62]. In similar experiments for aluminium 
also done by Scown et al., a larger amount of powdered oxide was found to 
distribute about the chamber. It was also noted that a large amount of smoke 
formed and that the molten mass of aluminium during combustion would boil, 
resulting in randomly ejected masses. In experiments on the combustion of a range 
of metals (including aluminium and titanium) by Steinberg et al., noted that a fine 
olive green powder residue lined the combustion chamber after burning stainless 
steel (only in reduced gravity). XRD (X-ray diffraction) analysis identified this 
substance as chromium oxide, Cr2O3. The formation of chromium oxide powder 
exclusively in reduced gravity conditions was hypothesised to be due to the higher 
temperatures achieved in reduced gravity during the burning [3]. Reduced gravity 
testing of metals using the ASTM G124 test configuration have generally found that 
higher temperatures occur during the burning reaction, leading to higher RRMI 
values. 
2.2.2 Combustion of Particles 
The combustion of bulk materials behaves differently to that of powders and single 
small particles. Many aspects are similar but significant scaling up or scaling down is 
not a straight forward process, often masking or accentuating particular 
phenomena in an unpredictable manner. This makes the direct comparison 
between experiments on the burning of bulk materials and experiments on the 
burning of particles, in many cases, an unproductive exercise. Qualitative 
comparisons can still provide insight and justification to further investigate 
observed phenomena. For example, experiments probing the reaction zone of 
aluminium burning as individual particles and in the bulk phase have similarly 
concluded that a significant amount of reaction occurs in the vapour phase between 
gaseous aluminium and gaseous oxygen [63, 64]. However, the structure of the 
vapour phase flame manifests itself in noticeably different ways. For particle 
combustion, the formation of an impenetrable oxide cap on one side of the particle 
creates asymmetry in the vapour phase flame structure and local reaction rates. For 
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bulk aluminium, the oxide caps do not form as various forces on the molten mass 
allow continual exposure of fresh liquid metal during burning, creating a more 
homogeneous vapour phase flame structure. 
Numerous studies on the combustion of aluminium have focused on the 
combustion behaviour of powders and small single particles in oxygen or 
oxygen/nitrogen mixtures at atmospheric pressure [65-70]. The combustion 
behaviour of aluminium particles has been shown in several publications to be a 
multiple stage process characterised by several distinct stages. The first stage starts 
with rapid heating to the boiling point of aluminium at 2730 K (above the melting 
point of the Al2O3 passivation layer at 2323 K) and the solution consists of dissolved 
oxygen and molten aluminium combining into an oxygen-lean solution labelled L1 in 
Figure 5 with gaseous aluminium present [71]. The next stage consists of gaseous 
aluminium, oxygen-lean solution L1 (<1 at.%) and oxygen-rich solution L2 (~10 at.%) 
solutions. The combustion behaviour during stage 2 exhibits typically strong 
oscillations in observed radiation and the flame and smoke cloud are no longer 
symmetrical or spherical. The final stage consists of a noticeable drop in radiation 
intensity, where the temperature drops to about 2300 K, below the melting point of 
Al2O3. 
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Figure 5– Partial phase diagram of the aluminium-oxygen binary system [71]. 
The non-stoichiometric aluminium-oxygen solutions form on the melted surface of 
the particles. It is possible that these aluminium-oxygen solutions are mixtures of 
molten aluminium, aluminium oxide (Al2O3) and sub-oxides, namely AlO, Al2O2 and 
Al2O [71]. These initial combustion products can then condense into liquid Al2O3 or 
transport oxygen to freshly melted aluminium. Aluminium-oxygen solutions form 
and affect the burning particle interiors, which supports that these initial 
combustion products are able to transport oxygen to the liquefied aluminium 
beneath the particle surface [72].  
2.2.3 Production of Microspheres 
The combustion of some bulk metals has been found to produce hollow spheres of 
oxide product, namely Zr, Mg and Al (this list is not exhaustive) [56, 73]. The 
mechanisms by which hollow spheres form, like most phenomena in combustion 
science, are not well understood. Possible factors causing the formation of hollow 
spheres are detailed below: 
 Dissolved gases are released during the cooling of the metal oxide product 
resulting in a hollow sphere with trapped gas. Many experiments on the 
burning of bulk metal rods in high pressure oxygen have documented 
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bubbles forming in the resolidified slag at the bottom of the test chamber, 
particularly with cobalt, which forms very large voids. 
 Contraction of material during rapid cooling and solidification resulting in a 
hollow particle with low pressure voids. 
 The formation of high oxide ions at extreme conditions (temperature and 
possibly pressure) become unstable during cooling and deteriorate into 
stable oxides, releasing gases. It has been shown that a mechanism for 
oxygen transport during the burning of bulk iron rods in high pressure 
oxygen is the formation of high oxide ions, namely; FeO2
-1, Fe2O5
-4, FeO3
-3 
and Fe2O7
-8 [6]. This could also apply to other metals. 
The general consensus is that gaseous molecules, in a free or bound state, are 
released during cooling of the combustion products, and the subtle improvements 
on this statement involve the interactions within the metal/metal-oxide/oxygen 
system. 
Zirconium 
The combustion of zirconium foil in oxygen (inside flashbulbs) produces white and 
yellow thin-walled hollow spheres in a large range of sizes [56]. The two colours of 
the oxide suggest that there is more than one phase of ZrO2 formed during the 
reaction. Additionally, some spheres were grey with dimples or punctures. The 
insides of these hollow spheres were white or yellow-green with a thin layer of grey 
metallic substance on the outside. The thin layer of metallic substance was most 
likely caused by the condensation of Zr vapour on the outside of the particle. The 
combustion products generally indicated that the metal burned primarily by surface 
combustion of particles. This is reinforced by the time resolved spectroscopy which 
showed no indication of vapour phase burning. Rather, evidenced by the 
combustion product morphologies, the Zr metal burned primarily by surface 
combustion of particles formed by the high-current induced explosion of the Zr foil. 
Magnesium 
The combustion behaviour of magnesium particles in oxygen has been found to be 
highly dependent on experimental parameters such as pressure and oxygen 
concentration. During the reaction, an oxide layer forms on the particle surface. 
This oxide layer was found to be weak at various pressures and oxygen 
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concentrations, resulting in the oxide layer submerging into the unreacted molten 
metal and the destruction of the drop when its temperature reaches the boiling 
point [74]. At various other pressures and oxygen concentrations, the oxide layer 
forms strong enough to encase the particle in an oxide shell, leading to a gradual 
decrease in temperature as oxygen diffuses through the shell to react with 
unreacted magnesium metal. In the particles that had no oxide coating, a significant 
amount of dissolved oxygen was present. In all the experiments conducted by 
Dreizin and Hoffmann, strong MgO radiation and dense MgO smoke clouds were 
observed [75]. As a result, the oxide coating on the particles post-test was not a 
direct result of the MgO condensing on the surface of the particle to form an oxide 
layer, rather it stems from the formation of a metal-oxygen solution followed by 
phase separation within burning particles. 
The combustion of magnesium in CO and CO2 has been an area of interest due to 
the high CO2 concentration in the atmosphere of Mars. The reaction between 
magnesium, CO and CO2 differs considerably from that with oxygen. Hollow spheres 
can form, however, the precipitation of elemental carbon, stemming from the 
combination of the gas-phase reaction Mg + CO2 = MgO + CO and the 
heterogeneous surface reaction Mg + CO = MgO + C, introduces other complexities. 
The combustion of metals in atmospheres other than oxygen is out of the scope of 
this research. 
Aluminium 
The combustion of aluminium foil in oxygen (inside a flashbulb) produced white 
hollow spheres in a range of sizes smaller than that of zirconium foil under similar 
conditions [56]. Many spheres from 20 to 100 µm were broken and some appeared 
to contain a metallic nucleus. Most of the combustion products consisted of a 
uniform smoke deposit with individual particles around 5 µm in diameter. This was 
noted as evidence that the majority of the reaction was a homogeneous vapour 
phase reaction where the product formed as a vapour which condensed to form a 
uniform smoke deposit [56]. The condensation must have been quick, followed by 
solidification before much coalescing of particles could occur. If particles were 
allowed to coalesce, it would have produced particles of noticeably variable size.  
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HGMS and Cenospheres 
Hollow glass microspheres (HGMS) have a vast range of applications in the fields of 
materials technology, medicine, micro-containers, acoustics, and environmental 
engineering. There are many methods for the production of glass microspheres but 
more technical applications tend to require mono-disperse, intact hollow particles. 
Some examples of specific applications are: Targeted drug delivery by concealing 
the drug in the hollow cavity; creating materials with good sound absorption; and 
micro-containers for safe hydrogen gas storage. 
A popular option is to begin with mono-disperse, irregularly shaped solid particles 
containing a blowing agent. These are then passed through a flame which heats up 
the particle, turning the particle viscous and forcing the blowing agent to outgas. 
After cooling, the particle resolidifies into a hollow particle with shell thickness 
depending on the quantity of gas produced. The simplest example of precursor 
material is amber glass frit. The amber colour in the glass is due to a sulphur-
containing compound dispersed throughout the glass. When the glass frit passes 
through a hot flame, the glass becomes viscous and the sulphur compound in the 
glass decomposes, releasing gas.  
A common source of HGMS is cenospheres, which are a component of fly ash from 
the burning of coal. These are typically hollow spheres of aluminosilicate. They tend 
to be highly spherical and can have porous shells. The production of cenospheres is 
very large due to it being a waste product of coal burning power plants; however, 
the fraction of intact hollow spherical particles after packing, transport and 
dispensing tends to be very small. For example, the sorting of commercially 
available microspheres suitable for inertial confinement fusion experiments were 
literally one in a million, found by sorting through large batches of commercially 
bought product [76]. The sorting of these particles is very laborious and as a result, 
methods for producing a high percentage of intact hollow spherical particles are 
useful for reliable supply. The spheres are very useful and widely used as filler in 
cements, metals and polymers with the aim of making strong lightweight composite 
materials with greater strength than other foam materials, and these could be 
improved with decreased rates of broken spheres. 
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The formation mechanisms for cenospheres have been studied for several decades 
and are very similar to that of HGMS, as discussed above. The minerals present in 
coal usually includes clay minerals, micas, quartz, feldspars, sulphides, carbonates 
of iron, calcium, zinc and many others in small quantities. During the burning of 
coal, temperatures of 1400 to 1700 °C are reached and the mineral parts interact 
with each other to form various compounds, which cause the formation of ashes of 
variable composition (chemical and mineralogical), disperse structure and density 
[77]. For cenospheres exclusively, the high temperatures allow the small 
aluminosilicate mineral particles to become plastic and expand due to the pressure 
of outgassed and vaporised material distributed within the aluminosilicate particles. 
The gas mass to form the hollow cavity may amount to about 0.5% weight of the 
entire particle mass [77]. Note that not all these particles form into cenospheres; 
some collapse, remain solid, become sponge-like or break. The ashes are pumped 
into ash settling reservoirs, where the hollow cenospheres, due to their very low 
density, rise to the surface. The particles which formed into solid spheres settle to 
the bottom of the reservoir due to their much higher density, aiding in the 
collection of cenospheres as only the hollow particles rise to the surface.  
2.3 CHARACTERISATION OF SMALL PARTICLES 
The characterisation of a sample containing numerous small particles identifies 
trends and other useful comparative information about the sample. Characteristics 
of interest to compare between samples are size distribution, average particle size, 
elemental composition, chemical composition, crystal lattice parameters, crystalline 
phases, band gap energies, specific surface area and growth rate. 
Size Distribution Measurement 
There are many methods of measuring particle sizes, each with their strength and 
weaknesses. Figure 6 shows a diagram relating various methods and their 
respective range of sizes they are effective. 
The most archaic method of producing a particle size distribution is to count and 
measure each individual particle in the collected sample to determine the 
distribution. This method requires extensive effort as the number of individual 
particles in a sample can be very large. The counting and measuring can be 
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automated, though the accuracy of this depends on many factors such as the 
robustness of the algorithm and the method of preparing samples for automated 
counting. For example, if the particles tend to lump together, the inability to discern 
each individual particle may greatly affect the accuracy of this counting method and 
steps should be taken while preparing samples to remedy this. The most common 
way of measuring and counting individual particles for a size distribution 
measurement is by imaging using SEM, TEM, HRTEM or light microscopes. 
Some other methods of determining the size distribution of a sample involve 
measuring the specific surface area or porosity of the sample and inferring the size 
distribution by making certain assumptions such as Brunauer-Emmett-Teller (BET) 
analysis and mercury porosimetry. These can also be time consuming techniques 
and require specialist equipment. 
Low Angle Laser Light Scattering is a robust method for determining particle size 
distributions often used in industry, typically for quality control. It can measure 
particles over a large range of sizes; however, errors can be large if assumptions are 
violated.  
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Figure 6 - Various methods for measuring size distribution [78]. 
Characterisation of Particle Morphologies 
Morphologies of particles tend to be characterised as a qualitative analysis. Studies 
aimed at constructing specific morphologies or structures describe the morphology 
of particles created in depth. For example, the results of methods of producing 
novel particle morphologies such as “broccoli-like”, “core-shell” and “raspberry-
like” as depicted below in Figure 7, Figure 8 and Figure 9 [79, 80, 81]. 
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Figure 7 – Broccoli-like structures [79]. 
 
Figure 8 – Raspberry-like structures [80]. 
Other studies not aimed at specific morphologies or structures tend to have shorter 
descriptions, preferring to only go as descriptive as; the particles were spherical or 
near spherical. The amount of agglomeration, if appropriate, is also usually 
described in vague terms. 
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Figure 9 – Core-shell structures [81]. 
Other Measurements: 
Other commonly measured characteristics of particles are: 
 Elemental composition can be qualitatively measured by EDX. 
 Chemical composition can be quantitatively measured using XRD, PXRD, ED 
and XPS. 
 Characterisation of crystal structure such as crystalline phases, crystal lattice 
parameters, band gap energies can be measured using XRD, ED, UV-Vis 
spectroscopy,  
 Chemical properties such as surface composition, hydrodynamic radium and 
particle surface charge, can be useful to infer how the particles react with 
other chemicals. Chemicals in powdered form are frequently used for 
increased reaction rates and homogeneity.  
2.4 VAPOUR AND AEROSOL PARTICLES 
There is strong evidence that vapour phases are produced during the burning of 
aluminium [56, 62, 63, 64], which was used extensively in this research, and the 
formation of particles out of the vapour phase may be a significant particle 
formation mechanism. The condensation of particles is typically modelled using 
classical nucleation theory as a basis. The classical nucleation theory, although poor 
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at predicting experimental observations, is easily understood and can be refined by 
relaxing the many assumptions. Using these refined models, one can attempt to 
explain observations such as the size distribution resulting from a particular 
condensation process. 
Classical Nucleation Theory 
Classical nucleation theory uses macroscopic thermodynamic quantities such as 
pressure, surface free energy and bulk free energy to describe small complexes of 
molecules or atoms required to begin a phase transition [82]. This is a great 
oversimplification and as a result, classical nucleation theory has been very 
unsuccessful in predicting nucleus structure and nucleation rates measured in 
experiments [83, 84]. Although the theory makes many assumptions, such as 
perfectly spherical nuclei, it presents a sound foundation for the process of 
nucleation, which has been advanced by many researchers for the last 80 years. 
Consider a thermodynamic system, where small fluctuations occur, which either 
increases or decreases the local thermodynamic potential. If the system is in a 
stable state, the fluctuations can enable the aggregation of molecules in a new 
phase, however, these tend towards dissociation as the new phase has a higher 
chemical potential than the initial phase. If the system is in an unstable or 
metastable state, the fluctuations again can enable the aggregation of molecules in 
a new phase, but this time, if the chemical potential of the new phase is lower than 
that of the initial phase, these tend towards growth after a certain sized nucleus has 
formed. 
Mathematically, this can be described as the free energy required to form a 
spherical cluster of radius 𝑟; 
Δ𝐺 =
4
3
𝜋𝑟3𝐺𝑣 + 4𝜋𝑟
2𝜎 
The first term is the volume term, where it takes  𝐺𝑣 joules per cubic centimetre to 
increase the volume of the nucleus (𝐺𝑣 is negative, so energy is actually released). 
The second term is the surface area term, where it takes 𝜎 joules per square 
centimetre to increase the surface area of the nucleus. Since the first term provides 
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a negative change in free energy and the second term provides a positive change in 
free energy, at some critical radius, 𝑟 = 𝑟∗ = −
2𝜎
𝐺𝑣
, a maximum Δ𝐺 occurs. 
 
Figure 10 - Free energy of spherical cluster. 
This is for nucleation in a pure substance, termed homogenous nucleation. 
Typically, heterogeneous nucleation occurs, where nucleation at preferential sites 
such as impurities or surfaces as this requires a lower free energy change. The free 
energy for heterogeneous nucleation is that for homogenous nucleation multiplied 
by a function of the contact angle 𝜃; 
Δ𝐺ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 = Δ𝐺ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 × 𝑓(𝜃) 
𝑓(𝜃) =
1
2
−
3
4
cos 𝜃 +
1
4
cos3 𝜃 
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Figure 11 - Free energy curves of homogeneous nucleation and heterogeneous 
nucleation. 
Size Distribution of Vapours and Aerosols 
The typical fit for the characterisation of the size distribution of vapours and aerosol 
particles is the lognormal distribution. There are many theories to explain the 
strong correlation of experimental data to a lognormal distribution fit but little 
consensus on a fundamental theoretical reason to explain why vapour and aerosol 
particle size data should approximate the lognormal distribution (for single source 
aerosols). Regardless, particle size data tends to cover a wide range of only positive 
values and slightly skewed rather than symmetrical, which are characteristics of 
lognormal distributions. This is unlike a normal distribution, which is symmetrical 
about the mean and may produce negative values. Additionally, and most 
importantly, the distribution accurately reflects observations in many experiments 
[85, 86, 87]. 
One theory to explain the lognormality of particle size distributions from first 
principles (as a result of vapour growth processes) is proposed by Kiss et al. [86]. 
Previous growth models were limited, regarding the explanation of lognormality 
and the accurate prediction of experimental results, due to numerous assumptions 
that assert lognormality on the system. This is done by either: assuming the initial 
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distribution of incipient particles is lognormal; by enforcing that the size distribution 
stays lognormal during growth; or by assuming that the relative change in particle 
volumes is a stationary variable [86]. Kiss’s et al. proposed model is different to 
previous growth models because it is based on a random residence time approach 
where the time available for the particles to grow is random. 
In some types of experiments, it is common for the size distribution to have several 
peaks. This is the direct result of distinct particle formation mechanisms operating 
simultaneously resulting in a distribution visibly composed of the sum of two or 
more lognormal distributions. The particle size distribution of nanoparticles formed 
in laser ablation experiments tends to have several peaks [88]. A small peak is 
caused by non-thermal ablation and a slightly higher peak caused by thermally 
induced macroscopic ablation. More peaks or mechanisms could result from such 
factors as having an oxidising gas medium or the production of several product 
phases or species. Laser ablation experiments on tungsten and boron carbide in a 
nitrogen atmosphere produced primarily small nanoparticles with diameters 
smaller than 20 nm as a result of non-thermal ablation. The size distribution of 
particles had an additional peak appearing between 20 and 40 nm as a consequence 
of thermally induced macroscopic ablation [88]. The ablating of coal was found to 
produce three distinct lognormal distributions; one for the formation of linear 
carbon chains, and two overlapping distributions for the two isometric structures of 
fullerenes produced [89]. 
2.5 SOLIDIFICATION AND CRYSTALLISATION 
The particles generated during the burning of metals are collected in the solid state 
(post-test); however, they form in the vapour and/or liquid state during the 
reaction. The solidification of these particles is expected to have a high cooling rate, 
which is predicted to have significant impact on the crystal structures formed. The 
high cooling rate of these particles can be mostly attributed to the large surface 
area to volume ratio, allowing heat to dissipate quickly into the surrounding 
medium. 
The effect of high cooling rates on solidification of a crystallising material, when 
compared to relatively slow cooling rates, is primarily crystal structure. This directly 
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stems from differing crystal growth rates. Slow growth velocities tend to have a 
planar solidification front. When the rate increases above a critical value, the 
interface forms a cellular/granular microstructure and at even higher velocities the 
solidification front becomes dendritic as shown in Figure 13. This is associated with 
the Mullins-Sekerka instability, which after certain conditions have been met, any 
bumps or imperfections on a planar solidification front become preferential sites for 
growth [90]. Preliminary results from burning metal experiments conducted by the 
author have shown that the particles collected (above about 15 µm, a size limited 
by microscope resolution) have either a dendritic or cellular microstructure on the 
outer surface of particles. In Figure 12 below, depictions of typical dendritic, cellular 
and granular surface structures are shown in the context of this thesis. 
 
Figure 12 – Typical surface structures: dendritic (left), cellular (middle), granular 
(right). 
Secondary Dendrite Arm Spacing (SDAS) 
The measurement of secondary dendrite arm spacing (SDAS) has been identified as 
one of the most important microstructure parameters during solidification [91, 92]. 
The SDAS is defined as the distance between two adjacent secondary arms of a 
dendrite, which form in the space between primary dendrites. There is 
experimental and theoretical correlation between SDAS and many solidification 
conditions, structural parameters and bulk mechanical properties, especially for 
cast materials. This stems from the dependence of SDAS on liquid metal treatment, 
temperature gradient, chemical composition of melt and most dominantly, cooling 
rate. For the author’s research, the relationship between SDAS and cooling rate will 
be helpful in determining the formation mechanisms of particles collected. The 
other relationships between SDAS and other factors may not translate in a 
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meaningful way to the solidification of metal oxides, as observed in this work, in the 
same way they do for solidification of cast alloys. 
 
Figure 13 - Effect of liquid temperature gradient and solidification rate on 
morphology of the solidification front under low and moderate solidification rate 
conditions [93]. 
Correlation of SDAS with Various Observed Factors 
The correlation of SDAS to other factors which are difficult or impossible to measure 
during the burning reaction, such as local solidification time or cooling rate, may be 
useful for helping explain the formation of some particle morphologies. 
Many correlations took the forms of either: 
𝜆2 = 𝐶𝑖(𝐺𝑉)
−𝑎   or   𝜆2 = 𝐾(𝑡𝑆𝐿)
𝑎 
Where: 𝐶𝑖, 𝐾 and 𝑎 are constants; 𝐺, 𝑉 and 𝑡𝑆𝐿 , are the thermal gradient, 
the solidification rate and the local solidification time respectively [94]. 
This power law has been applied successfully to a range of alloys, some of which are 
shown below: 
Applied to hypoeutectic Al-Si alloys: 
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𝜆2 = 𝐴𝑆𝑖(𝑡𝑆𝐿)
0.43 
Where: 𝐴𝑆𝑖  is a constant which varies inversely with the silicon content and 
𝑡𝑆𝐿  is solidification time [94]. 
Applied to aluminium alloys: 
𝜆2 = 4.36(𝑀𝑡𝑓)
1/3
 
Where: 𝑀 is defined as a coarsening parameter, and 𝑡𝑓 is the local 
solidification time [91]. 
Applied to Sn-Pb alloys: 
𝜆2 = 5(𝑡𝑆𝐿)
1/3   and   𝜆2 = 21 (
1
𝑉𝐿
)
2/3
 
Where: 𝑡𝑆𝐿  is the local solidification time and 𝑉𝐿  is the tip growth rate. 
Applied to Al 4.5% weight Cu and Al 15% weight Cu alloys respectively: 
𝜆2 = 29.9 (
1
𝑉𝐿
)
2/3
   and   𝜆2 = 21.9 (
1
𝑉𝐿
)
2/3
 
 Where: 𝑉𝐿  is the tip growth rate [95]. 
Applied generally: 
𝜆2 = 2𝜋𝑎2 (
4Γ
𝐶0(1 − 𝑘0)2𝑇𝐹
(
𝐷𝐿
𝑉𝐿
)
2
)
1/3
 
Where: 𝑎2 is the secondary dendrite arm-calibrating factor (𝑎2 = 6 for 
unidirectionally solidified binary alloys [96]); 𝑇𝐹 is the fusion temperature of 
the solvent; 𝑉𝐿  is the tip growth rate; 𝐷𝐿 is the solute chemical diffusivity in 
the liquid; 𝑘0 is the partition coefficient; 𝐶0 is the alloy composition; and Γ is 
the Gibbs-Thomson coefficient [96]. 
Other correlations with a similar power law form have also been formulated, for 
example: 
𝜆2 = (𝑙𝐷𝑙𝐶𝑑0)
1/3 
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Where: 𝑙𝐷, 𝑙𝐶  and 𝑑0 are the length scales of the thermal, solutal and 
capillarity fields respectively [97]. 
Correlation between dendrite arm spacing and cooling rate: 
𝑑 = 𝑎(𝑄𝑎𝑣𝑔)
−𝑛
 
 Where: 𝑎 and 𝑛 are material dependent constants; and 𝑄𝑎𝑣𝑔 is the average 
cooling rate. 
 
2.6 SUMMARY OF LITERATURE REVIEW 
The two focuses of this thesis were: to measure the particle size distributions and 
determine the particle morphologies; and to determine how and why they change 
with pressure and gravity level. Below is a summary of each section of the literature 
review stating what was most useful for each topic. 
The literature on the burning of bulk metallic materials forms the foundation that 
this work builds on. The test method used in many of the publications cited in 
Section 2.2.1 was ASTM G124 or something very similar and this work was also 
based on ASTM G124. Of particular interest, were the publications where the 
combustion products were discussed. Generally, it was found that a small amount 
of powdered oxide was produced when most metals were burned. For some metals 
burned in oxygen, much more powdered oxide was produced, such as for 
aluminium or zirconium. Overall, very little has been reported regarding this oxide 
powder.  
Studies discussed, regarding products of diffusion flames and the burning of metal 
particles, provided interesting insights to phenomena which were observed during 
the burning of bulk metals. The results of these studies were not directly 
translatable to be applied to the burning of bulk metals; however, the 
homogeneous reaction of metal vapour and gaseous oxygen was a mechanism by 
which small particles of metal oxide can form. Additionally, the physics and 
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chemistry of burning metal particles has indicated that oxygen-aluminium solutions 
(possibly several different solution) may form. 
The production or formation of microspheres made of various materials showed 
that gases released from a dissolved or bound state, while a particle is in a liquid or 
softened state, can produce particles with large voids in them filled with gas. This 
has been shown to occur when zirconium, magnesium and aluminium were burned 
in pure oxygen  
The characterisation of small particles was commonly done by determining the 
particle size distribution, and numerous measuring methods/instruments have been 
used. It was also common to simply measure and count individual particles using 
microscope images, though this can be very time consuming. The characterisation 
of particle morphologies was found to be generally an exclusively qualitative 
endeavour and there appeared to be no standard way of describing particle 
morphologies, so for this thesis a more rigorous approach to describing the 
morphologies of particles was needed. 
Vapour and aerosol particles tend to have size distributions well correlated with the 
lognormal distribution. This was useful to describe size distributions of particles 
resulting from condensation or agglomeration of vapours or small particles. The 
fundamental reason for this lognormality is a debated topic. 
The solidification and crystallisation of particles had a great influence on the surface 
morphology, and the relationship between surface morphology (dendritic, cellular 
and planar) with interfacial velocity and temperature gradient was helpful for 
explaining how certain surface morphologies observed were formed. The 
measurement and correlation of SDAS may have had some limited use if measured 
using a SEM, since from the general form of the correlation indicates that a larger 
thermal gradient and/or a faster solidification rate and/or a faster local 
solidification time results in a shorter distance between secondary dendrite arms. 
This could only be useful if comparing particles which both had dendritic surfaces. 
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Chapter 3: Experimentation 
Primarily, the experimental methods are described in this chapter. The test 
apparatus, testing summary and pre-testing results are also presented to ensure the 
methods used for experimental testing produce repeatable and sound experimental 
results. 
Section 3.1 covers the testing apparatus and operational capabilities of the QUT 
Drop Tower Facility. Section 3.2 outlines how the tests were run and how the 
samples were collected and subsequently analysed. Section 3.3 presents pre-testing 
results for several materials and how these affected the testing methodology. 
Lastly, section 3.4 tabulates all the tests to be carried out as part of this research. 
Additionally, Appendix G, H, I and J shows engineering drawings for the drag shield, 
nose cone, drop shelf (experimental platform) and camera mount, respectively. 
3.1 TEST APPARATUS 
3.1.1 QUT Drop Tower Reduced Gravity Facility 
The QUT Drop Tower Facility was a ground-based drop tower located in Brisbane, 
Australia and was used for both normal gravity and reduced gravity testing. 
Specifications of the drop tower are listed in Table 2. The principle behind using a 
drop tower to provide high quality reduced gravity testing environments was to 
place an experimental payload within a structure (called a drag shield) to greatly 
reduce the effects of air resistance as the experimental payload fell down a vertical 
corridor. The drag shield was a hollow, aerodynamic container used for drop tower 
experiments, which completely enclosed an experimental payload but was in no 
way attached to or mad contact with the payload. This allowed the payload to move 
relative to the drag shield during a test as drag forces only affected the drag shield. 
The distance that the payload moved inside the drag shield was calibrated such that 
at the beginning of a test, the experimental payload was positioned against the top 
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of the drag shield and the experimental payload reached the bottom of the drag 
shield precisely at the conclusion of a test. 
 
Figure 14 - QUT drop tower. 
The drop tower infrastructure included; an experiment configuration area for 
preparation and data retrieval, a 30 m vertical drop corridor, a pre-test access area 
at the top of the tower for pre-drop adjustments and test initiation, an 
experimental platform to house the experiment, and an industrial vented airbag at 
the base of the tower to safely decelerate the drop package. The drop package, 
shown in Figure 15 consisted of; the drag shield to negate air-resistance and ensure 
high quality reduced gravity and an experimental platform with the experiment, 
several peripherals such as a power supply, and a data collection system.  
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Figure 15 - Drop package. 
Table 2 - QUT drop tower operational characteristics. 
Drop Test  
Test Duration 2.0 seconds 
Reduced Gravity Quality <10-3 g 
Maximum Deceleration ~25 g 
Experimental Platform  
Maximum Payload 200 kg 
Platform Diameter 0.8 m 
Maximum Apparatus 
Height 
0.9 m 
3.1.2 Metals Combustion Experimental Platform 
The Metals Combustion Experimental Platform, as shown in Figure 16, was a 0.7L 
pressure chamber for the combustion of metal rods in high pressure gases.  
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Figure 16 - Sample, fittings inside combustion chamber and closed combustion 
chamber. 
Combustion Chamber 
The fittings inside the chamber are shown in Figure 16. The sample, supported in 
the sample holder, was configured for upward burning, such that the sample was 
supported from the top and ignited at the bottom. The upward burning 
configuration was chosen for increased repeatability in normal gravity experiments 
when compared to a downward burning configuration. The electrodes, igniter wire 
and the sample were electrically isolated from the rest of the components by 
ceramic spacers to ensure the high current capacitor discharge circuit was safely 
contained. This was ensured by checking that the sample was isolated from the rest 
of the chamber by using a multimeter. A cylindrical copper sleeve was placed 
around the internal fittings to intercept any debris ejected or spilled during or after 
a reaction. The copper sleeve had a hole aligned with the viewing window of the 
chamber to allow direct observation and video recording of the reaction. The size of 
the hole did not allow the viewing of samples longer than about 65 mm as a 
compromise between protecting the chamber from debris and allowing direct 
observation of the reaction. 
This experimental apparatus was originally designed to comply with the 
specifications of ASTM standard G124-95, NASA standard test method NASA-STD-
6001 Test 17 and ISO 14624-4:2003. The only specification of these standards which 
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was not satisfied was the sample length. The sample lengths specified in the above 
standards were 150 mm, 300 mm and 100 mm respectively; however, the sample 
length for this apparatus was 50 mm for reduced gravity and 100 mm for normal 
gravity. The shorter sample length for reduced gravity testing ensured that the 
entire reaction was visible through the viewing window during the short reduced 
gravity period. 
Experiment Frame 
The experiment frame containing the combustion chamber and the other 
components had vibration dampening materials at most of the joints in the 
structure. In addition to this, high density foams were used to cushion the 
combustion chamber, camera and capacitors to ensure extended life of the 
experimental equipment and to reduce the impact of g-jitter on the experimental 
results. 
Gas Supply 
The metals combustion experimental platform had a panel behind the chamber 
which allowed the supply of pressurised gas into the combustion chamber. This 
panel connected to another larger panel designed for the delivery of pressurised 
oxygen and nitrogen gases. The gas used for this work was oxygen gas (99.9% pure). 
Ignition 
The ignition system consisted of two 1000 mF capacitors, batteries, an igniter wire, 
a discharge circuit and a charging circuit. The purpose of the ignition system was to 
rapidly ignite the bottom of the test specimen. This was achieved by discharging the 
large capacitors to resistively heat an igniter wire, transferring a large amount of 
heat to the test sample, igniting it. The charging circuit was necessary for using the 
batteries to charge the capacitors before a test and the discharge circuit was 
necessary to ensure the capacitors were discharged before the operator was able to 
touch the experiment post-test. The igniter wire used was Pyrofuze® wire, which is 
an aluminium-paladium wire with diameter 0.01 inches (0.25 mm) and 
approximately 150 mm long. 
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Data Collection - Rocket Data Acquisition System (RDAS) 
The RDAS manufactured by AED Electronics was used to log measurements of 
pressure and gravity level. The important specifications of the RDAS are shown in 
Table 3. For a comprehensive list of specifications, see the RDAS user manual 
available at: 
http://www.aedelectronics.nl/rdas/files/manual.pdf 
There was a pressure transducer on board the RDAS; however, a separate external 
pressure transducer was used to make higher quality measurements. The RDAS was 
used to log the measurements of the external transducer. 
Table 3 - RDAS Specifications. 
RDAS Specifications 
Processor Clock Frequency 11.0952 MHz 
Memory RAM 32 kB 
Flash EEPROM 512 kB 
Accelerometer Range -50 to +50 g 
Resolution 0.1 g 
Analogue Inputs Number of Channels 6 
Max Sampling Rate per 
Channel 
200 samples/sec 
Dimensions Length x Width 125 mm x 48 mm 
Weight - 0.065 kg 
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Data Collection - Pressure Transducer 
The Honeywell Sensotec TJE pressure transducer was a Wheatstone bridge type 
device. This was chosen for reliability, robustness and precision. The device 
operateed over a range of 0-3000 psia with an uncertainty of ±3 psia. 
Data Collection - Camera 
Experiments were recorded using a Casio Exilim Pro F1 digital camera set to record 
at 200 fps. Three neutral density filters (one ND4 and two ND8) and occasionally 
welding glass were used due to limit exposure. The videos were analysed to help 
determine burning behaviour of the materials tested. This was primarily used to 
provide evidence for particle formation mechanisms. Additionally, observations and 
comparisons of the amount of vapour produced, the stability of the liquid phase, 
brightness of sample during reaction and some other measurements such as 
regression rate of melting interface (RRMI) could be made. 
Table 4 - Camera settings for recording combustion experiments. 
Camera Setup 
Focus Manually set – focus on sample 
Zoom 53 mm 
Shutter speed 1/4000 s 
Frame rate 200 fps 
Filters Two ND8, one ND4 
3.2 TESTING METHOD 
The testing method was based strongly on the ASTM G124 standard for “Standard 
Test Method for Determining the Combustion Behavior of Metallic Materials in 
Oxygen-Enriched Atmospheres” [2]. A generalised method is described here. For a 
more in-depth step-by-step list, see the Standard Operating Procedures (Appendix 
C). 
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Sample Preparation 
 
Samples (3.2 mm diameter) were initially cut to a length of approximately 120 mm 
using a Dremel® for normal gravity testing and 70 mm for reduced gravity testing. 
 
A small groove was cut into the bottom of the rod for the igniter wire. 
 
Aluminium-palladium igniter wire (Pyrofuze®) was wrapped around the bottom of 
the rod in the groove (10 times). 
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A copper collar was tightened on the top of the rod such that the distance between 
the bottom of the collar and the top of the igniter wire was 101.3 mm for normal 
gravity tests and 50 mm for reduced gravity tests. The copper collar allowed the 
sample to be vertically mounted in the pressure chamber. The ends of the igniter 
wire were fastened to electrodes. 
 
Normal Gravity Testing 
The pressure chamber was sealed, vented and pressurised with pure oxygen 
(99.9%) at pressures of 200 psi (1.38 MPa) and 800 psi (5.52 MPa). The pressure was 
recorded using the micro-controller (R-DAS system) and high-speed video was 
captured using the DSLR camera. The sample was ignited and then was allowed to 
cool and the particles to settle for 15 minutes. 
Reduced Gravity Testing 
The entire experiment stayed inside the drag shield for reduced gravity testing. The 
pressure chamber was sealed, vented and pressurised with pure oxygen (99.9%) at 
pressures higher than the required 200 psi (1.38 MPa) and 800 psi (5.52 MPa). The 
experiment was lifted to the top of the drop tower. The pressure was recorded 
using the micro-controller (R-DAS system) and high-speed video was captured using 
a DSLR camera. Excess pressure was relieved until the required pressure for the test 
was reached. The sample was ignited first and the drop wire was cut after a 0.2 
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second delay to allow the igniter wire material to drip away from the reaction zone. 
The drop package was retrieved and then allowed to cool for 15 minutes. 
Post-test Analysis 
The chamber was de-pressurised very slowly in order to not disturb the settled 
particles (over about 10 to 20 minutes). The chamber was opened carefully and the 
copper shroud, sample holder and slag cup were washed with acetone. The acetone 
was collected (along with any washed debris) and poured into sample vials. The 
sample vials were placed in a dust-free environment to allow the acetone to 
evaporate. The dried particles were mounted on Scanning Electron Microscope 
(SEM) stubs and imaged with an SEM or carefully poured onto carbon tape (on glass 
microscope slides) to be analysed using optical microscopy. 
For SEM imaging, several images of many larger particles (larger than 50 µm) and 
several of many smaller particles (smaller than 10 µm) were taken. More images of 
single particles at high resolution were also taken to highlight the range of inner and 
outer surface structures. Also, some larger particles were broken open to reveal 
their inner surfaces and then were imaged. Images (containing many particles) were 
analysed by measuring particle diameters and displaying this information in particle 
size distribution histograms. These images were expected to represent the whole 
sample, though limited by image resolution. That is, images at high zoom levels 
accurately represent the distributions of sizes of very small particles only, and 
images at low zoom levels accurately represented the distribution of sizes of large 
particles only. No images could be taken with adequate resolution to allow all 
particle sizes to be clearly represented. 
Optical imaging was identical to SEM imaging, except the whole sample was imaged 
and analysed (resolution permitting). 
The MATLAB code written and used to create the particle size distribution 
histograms are shown in Appendix F. the “Darkener.m” script was used to darken 
the images so that white lines could be drawn on the images to indicate the 
diameters of all the particles. These lines could then be filtered out and measured 
using the “Analysis of SEM Images” script and then produce histograms to display 
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the measurements. For the “Analysis of Optical Images” script, images taken from 
an optical microscope were stitched together and filtered using the ImageJ program 
(https://imagej.net/). Firstly, images were converted to a binary image through 
applying a threshold, then a watershed algorithm filter was used and then the 
particles were measured and counted using a blob detection algorithm. Instructions 
on preparing images for each script are provided in each script. 
Measurement Errors 
Errors in determining particle size distributions using SEM are typically caused by: 
 Sample preparation (clumping/obstruction of particles). 
 SEM Image distortions or irregularities. 
 SEM image resolution. 
 Low particle counts. 
Sample preparation and low particle counts were identified as the most critical 
sources of error for this type of work, because the errors caused by image 
distortions and image resolution were limited by maintenance of the microscopes 
by the staff of the Central Analytical Research Facility (on campus at QUT). As such, 
high particle counts were aimed for (time and resources permitting) and samples 
were prepared in ways to limit associated errors. For preparation of entire samples 
for optical slides, the sample was carefully spread out over many slides (covered 
with carbon tape) to reduce clumping and obstruction of particles and was dried for 
long enough periods to further decrease clumping. For preparation of (large or 
small) particle samples for SEM stubs, the sample was carefully transferred to the 
stub in a similar way to the preparation of optical slides. Additionally, by only 
measuring large or small particles, error was reduced due to a narrower width of 
particle size distribution. 
3.3 PRETESTING 
Testing on Inconel 718, iron, stainless steel 316 and aluminium was conducted to 
determine: 
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 Appropriate methods of collection and storage. 
 Efficient methods of analysis. 
 Limits of instruments employed, for example, SEM resolution. 
 Contribution of igniter wire. 
In addition to these, analysis using optical and electron microscopy gave indication 
of expected particle morphologies and particle size distributions from materials 
whose burning behaviour was similar to the tested materials. Ultimately, testing on 
Inconel, iron and stainless steel was discontinued because of the lack of particle 
material produced during the reaction and the added complexities of multiple 
metals in alloys. 
3.3.1 Inconel 718 
Pretesting was done under normal and reduced gravity conditions on Inconel 718. 
Inconel was used because it was involved in recent experimentation where the 
combustion products were to be discarded. The collected samples were 
investigated under SEM/EDS only as they were too small for optical methods. 
Selected images taken from SEM analysis are shown in Figure 17 and Figure 18. 
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Figure 17 - SEM images of relatively large particles collected from an experiment on 
Inconel 718. 
From the SEM analysis, it was evident that the general effects of reduced gravity on 
the particle size distribution and morphology of Inconel combustion products were: 
 Larger particles. 
 Larger crystal structures. 
 Several different crystal structures produced. 
Micro-meter sized particles and nano-particles of igniter material (palladium and 
oxidised aluminium) were present on the collected samples as shown in Figure 19. 
The presence of nano-palladium may influence the reaction; however, the use of 
palladium/aluminium igniter wire in many similar experiments has been 
comparable to the use of other igniter wire materials. The palladium/aluminium 
igniter wire has the benefit over other igniter wires of providing large amounts of 
energy reliably so as to almost eliminate failed experiments resulting from igniter 
issues. These igniter issues include not having enough energy to ignite the end of 
the sample, breaking of the igniter wire during resistive heating and not igniting the 
igniter wire due to a passive oxide layer mostly seen on aluminium igniter wires. For 
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1-g testing, the large majority of the igniter material is removed from the reaction 
zone as the first drop of molten metal detaches off the end of the sample. Some of 
the igniter wire is vaporised during ignition and may influence the reaction. For 
reduced gravity testing, the sample must be ignited in 1-g and the first drop of 
molten metal must be allowed to detach before commencing 0-g otherwise most of 
the igniter material will be present throughout the whole burning process. 
 
Figure 18 - SEM images of small particles collected from an experiment on Inconel 
718. 
The adverse effects of crude sampling methods were also realised. The first 
iteration of sampling involved placing double sided carbon tape on the inner 
surfaces of the chamber. These burnt up due to the intense radiative heat from the 
reaction. The next sampling method was to brush particles off the inner surfaces of 
the combustion chamber. This resulted in the mechanical wear of particles causing 
some to break. Additionally, some of the particles (especially the finer particles) 
were not collected. This was shown by wiping the inner surfaces of the chamber 
with a paper towel after collection and revealing dust on the paper towel. As a 
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result, acetone was used to wash the combustion chamber surfaces in order to 
prevent damage from poor handling of the particles during collection.  
 
Figure 19 - SEM images of aluminium oxide particle fused with a palladium particle 
powdered with palladium nano-particles. 
3.3.2 Iron 
Pretesting was done only under normal gravity conditions on iron. The burning of 
bulk iron rods (99.99% pure) in normal gravity produced a small amount of small 
dark spherical particles. Much of the sample collected originated from the igniter 
wire as EDS showed relatively large amounts of palladium and aluminium oxide. 
Visual inspection of SEM images also showed this. The surfaces of the particles were 
featureless. 
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Figure 20 - Typical larger particles collected after an experiment on iron. 
 
Figure 21 - Typical small particle (particles can be much smaller but these are unable 
to resolved to clearly show surface) collected after an experiment on iron in normal 
gravity. 
The size distribution of collected particles ranged from 500 nm to 10 µm. The size 
distribution measurement was taken from a series of representative SEM images 
where iron oxide particles were easily identified and measured. Imaging of the 
whole sample (as was performed for aluminium) was not preferred as a sizable 
fraction of the particles were igniter wire material. Additionally, the particles were 
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too small to spread out on SEM carbon tabs in a controlled fashion. The size 
distribution is shown in the histogram in Figure 22. Like the size distributions for 
aluminium, the size distribution of iron oxide particles strongly correlated to a 
lognormal distribution. 
There were very few iron oxide particles produced. This may have been due to the 
relatively low temperatures reached during the burning of bulk iron. The burning of 
iron is a surface reaction occurring inside the molten drop. During the burning 
reaction, the molten drop consists of an iron-oxygen solution where some of the 
oxygen was chemically bound to high oxide ions and some may be dissolved in the 
solution. There was no significant vapour phase reaction, evidenced by the lack of 
small particles collected. The formation of small iron oxide spheres can be 
attributed to the initial vaporisation of some of the bulk iron by the igniter wire. The 
very high temperatures of the igniter wire may vaporise the material directly 
adjacent to it. Another source of these particles may be a small amount of 
evaporated iron-oxygen solution. 
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Figure 22 - Histogram of particle size distribution of particles collected from an 
experiment on iron. 
3.3.3 Aluminium (400 psi)  
Pretesting was done only under normal gravity conditions on aluminium at 400 psi. 
The burning of bulk aluminium rods (99.9% pure) in normal gravity produced a 
many large and small white spherical particles. The size distribution of collected 
particles spanned a large range from about 500 nm to 1000 µm. Due to the large 
range of particles sizes spanning three orders of magnitude, the size distribution 
measurement compromised between accuracy, amount of data and time required 
for analysis. The measurement was taken by imaging an entire sample of about 
14000 particles, at 40x optical zoom using optical microscopy and measuring each 
particle. This produced the histogram in Figure 23a. The data strongly correlates to 
a lognormal distribution; however, it is not clear whether this describes the actual 
distribution, as it would be expected that there would be more particles with 
diameter less than 200 µm, and that the actual peak, inferred from visual inspection 
of SEM images, should be somewhere between 1 µm and 100 µm. The particles less 
than 200 µm were difficult to count due to a lack of resolution in the images. To 
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investigate the distribution of very small particles, a sample of about 900 particles 
between 500 nm and 10 µm were counted and measured to produce the histogram 
in Figure 23b. This showed a peak around 1 µm and more importantly, also 
correlated strongly to a lognormal size distribution.  
Testing of automating the counting procedure was also done. This consisted of 
some simple image processing on each micrograph image and automatically 
determining the Feret diameter (longest line from edge to edge) for each particle 
detected. For accuracy, this was compared to a smaller sample of about 2500 
particles, which were manually measured and counted, which produced a similar 
distribution but with a very slightly lower mean and standard deviation. The errors 
caused by the simple image processing were primarily caused by particles 
overlapping and strong reflections from particle surfaces. Accuracy of automated 
counting was increased by carefully spreading out the sample to minimise particle 
overlap and ensuring light sources were adequately diffused.  
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Figure 23 - Graphs displaying the particle size distribution: a) graph obtained by 
automated particle counting of whole sample (~14000 individual particles) overlaid 
with a fitted lognormal curve; b) graph obtained by manual particle counting of a 
sample of very small particles on the side of a large particle (~900 individual 
particles) overlaid with a fitted lognormal curve. 
a) 
b) 
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3.3.4 Stainless Steel 316 
The burning of bulk stainless steel 316 in oxygen at 1050 psi produced a small 
amount of dark coloured spherical and near spherical particles. It was noted that 
most particles greater than 30 µm in diameter displayed large cracks. Unlike 
aluminium and titanium, stainless steel is an alloy and as a result, a large variety of 
compounds were produced as evidenced by EDS expectedly showing significant 
amounts of Fe, Mn, Cr, Ni, Si, Mg, Mo and S as shown in Figure 24. The collected 
sample in general had different proportions of elements according to EDS as shown 
in Figure 25. 
The size distribution of particles produced from burning stainless steel was found to 
strongly correlate with a lognormal distribution. The particles ranged from 500 nm 
to 30 µm in diameter. The size distribution is shown in the histogram in Figure 26. 
 
Figure 24 - Typical EDS spectrum for a single particle of burnt stainless steel 316. 
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Figure 25 – General EDS spectrum for collected sample of stainless steel 316 test. 
 
Figure 26 - Particle size distribution for stainless steel 316 at 1000 psi. 
The morphology of the particles was generally spherical, with larger particles being 
near spherical and often cracked. The cracks tended to be spaced around the 
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particle in an unbiased fashion as seen in some larger particles pictured in Figure 27. 
Some vapour was created during the reaction evidenced by the deposition of a thin 
dark metallic layer on the copper cup. Some of this layer flaked off during collection 
of the sample for analysis and are visible as thin sheet objects in SEM images.  
 
Figure 27 - SEM image of typical particles produced from experiments on stainless 
steel 316. Flat plate shaped objects were not thoroughly investigated, but are thin 
sheets of vapour-deposited material on the copper cup which have come loose due 
to the cooling effect of acetone evaporating during the collection of sample with 
acetone. EDS has shown that they contain high levels of copper on the surface. 
From Figure 24 and Figure 25, there is a noticeable difference in the prominence of 
certain elements in the particles of burnt SS316 and of the collected sample 
material. As expected, in the collected sample material, there are relatively large 
amounts of Pd and Al, which constitute the igniter wire. Along with observations 
that very few particles were being produced and collected, this show that almost no 
vapour phase reactions are taking place for this material. Additionally, the disparate 
ratios of Cr and Fe in the EDS spectrums suggest that during the burning reaction, 
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the distribution of metals in the alloy become non-uniform and it’s possible that 
some particles may be entirely made of or have a high concentration of Cr. There 
have been published observations of a green powder visible to the unaided eye 
formed during the burning of SS316 in reduced gravity, which has been speculated 
to be chromium oxide but in the same publication they explicitly state that normal 
gravity experiments produced no such result [3]. It is possible that a smaller amount 
of this is produced and in rare cases, blue-green spheres, usually agglomerated or in 
a thread have been found in the collected sample material as shown in Figure 28.  
 
Figure 28 - Blue green thread found in collected samples from stainless steel 
experiments. 
Small amounts of vapour were produced during the reaction to very lightly coat the 
copper slag cup but not coat any other of the surfaces inside the combustion 
chamber. The vapour particles appear to be heavy, falling from the reaction zone 
rather than diffusing outward towards the copper sleeve. The deposition of this 
vapour produced the flat plate objects seen in Figure 27, which peeled off during 
post-test sample collection. These structures were not as common in tests involving 
other testing materials. 
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Higher pressures produced noticeably more particles judging from the amount of 
substance collected after testing. At all test pressures, samples collected were too 
small in terms of particle size and amount of particles to be analysed under an 
optical microscope.  
3.4 TESTING SUMMARY 
Table 5 - Test Matrix. 
 
 
Follow-up analyses of collected samples titanium have been found to be too small 
to make effective use of optical microscopy. Thus, only SEM analysis will be used to 
determine size distribution measurements for titanium. Optical microscopy was also 
not employed on every aluminium test because its main use was to investigate the 
morphology of large particles, complementing the morphological observations from 
Test 
name 
Gravity 
level Material 
Pressure 
(psi) Follow-up 
NG-Al-1 1-g Aluminium 200 SEM, Opt 
NG-Al-2 1-g Aluminium 200 SEM, Opt 
NG-Al-3 1-g Aluminium 200 SEM 
NG-Al-4 1-g Aluminium 800 SEM, Opt 
NG-Al-5 1-g Aluminium 800 SEM 
NG-Al-6 1-g Aluminium 800 SEM 
RG-Al-7 0-g Aluminium 200 SEM, Opt 
RG-Al-8 0-g Aluminium 200 SEM 
RG-Al-9 0-g Aluminium 200 SEM 
RG-Al-10 0-g Aluminium 800 SEM 
RG-Al-11 0-g Aluminium 800 SEM 
RG-Al-12 0-g Aluminium 800 SEM 
NG-Ti-1 1-g Titanium 200 SEM 
NG-Ti-2 1-g Titanium 200 SEM 
NG-Ti-3 1-g Titanium 200 SEM 
NG-Ti-4 1-g Titanium 800 SEM 
NG-Ti-5 1-g Titanium 800 SEM 
NG-Ti-6 1-g Titanium 800 SEM 
RG-Ti-7 0-g Titanium 200 SEM 
RG-Ti-8 0-g Titanium 200 SEM 
RG-Ti-9 0-g Titanium 200 SEM 
RG-Ti-10 0-g Titanium 800 SEM 
RG-Ti-11 0-g Titanium 800 SEM 
RG-Ti-12 0-g Titanium 800 SEM 
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SEM analysis. Optical microscopy enabled the observation of structural features 
under the surface of large particles as they were translucent. 
The effects of gravity level and pressure on each material respectively is the scope 
of this research and the choices of pressure values stem from the need to maximise 
the range of pressures while being restricted by limits of the burning reaction and 
restraints of experimental equipment. For example, aluminium can burn at much 
lower pressures than those used in this research in 100% oxygen; however, a much 
larger pressure chamber would be needed to ensure enough oxygen is available for 
the complete reaction of the aluminium sample. 
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Chapter 4: Results 
Chapter 4 displays the results of the analysis on collected particles from burning 
metal rods. During analysis, particle sizes were measured and counted. This data 
was then displayed as histograms to show the distribution of particle sizes and 
allowing appropriate fitting of a lognormal curve to the data. Descriptions of the 
particle morphologies observed and the categorisation of these are also presented. 
Section 4.1 shows particles size distributions and morphologies for the aluminium 
tests. Section 4.2 does the same for the titanium tests.  
4.1 ALUMINIUM 
4.1.1 Particle Size Distributions 
The particle size distributions measured for aluminium tests are summarised in this 
section. For full data, see Appendix B. Note that from pretesting of aluminium, 
there was such a large range of particle sizes observed, it was impossible to take an 
image containing a representative sample of all particle sizes with adequate 
resolution to facilitate accurate measurement. Thus, for this work the large particles 
(generally with diameters greater than 50 µm) were analysed separately from the 
small particles (general with diameters less than 20 µm). 
The histograms in Figure 29 showed that, out of all testing conditions, there were a 
greater number of large particles collected from tests at 200 psi in normal gravity. 
The lognormal fit for the data was indicated by the red line. Most noticeable in the 
histogram for 800 psi in reduced gravity, there was a mismatch between the 
histograms and the lognormal fits. This mismatch was an artefact of the data being 
incomplete, that is, in the case of the conditions 800 psi in reduced gravity, there 
was a significant amount of particles smaller than those counted. Images taken of 
the larger particles could not adequately resolve particles smaller than around 20 
µm at the level of zoom used. Realistically, the lognormal fit should have been more 
skewed towards zero. 
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Figure 29- Particle size distributions for larger particles in aluminium tests: top-left 
1-g 200 psi; top-right 1-g 800 psi; bottom-left 0-g 200 psi; bottom-right 0-g 800 psi. 
 
The histograms in Figure 30 showed that a lognormal distribution fitted well to the 
data for small particles and the distribution was not affected by the testing 
conditions. Visually, the small particles formed a dark grey powder which was 
produced in greater quantities in higher pressure and reduced gravity tests. Test 
conditions of 800 psi in reduced gravity produced the most of this powder, followed 
closely by 200 psi in reduced gravity. As such, reduced gravity tests produced much 
more of this powder and hence a greater quantity of small particles. 
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Figure 30 – Particle size distributions for smaller particles in aluminium tests: top-left 
1-g 200 psi; top-right 1-g 800 psi; bottom-left 0-g 200 psi; bottom-right 0-g 800 psi. 
 
4.1.2 Morphology 
The burning of bulk aluminium rods in high pressure oxygen in normal gravity 
produced hollow white spheres of aluminium oxide. There were a range of surface 
morphologies on the inner and outer surfaces of the particles. The outer surfaces 
were either dendritic or granular depending on the size of the particle where it was 
generally observed that the smaller particles had a dendritic outer surface with 
clear right angles between dendrite arms, whereas larger particles had a granular 
outer surface with some low range order as shown in Figure 31. The very small 
particles had featureless smooth surfaces as shown in Figure 32. 
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Figure 31 – SEM images of the surfaces of aluminium oxide particles where: a) 
shows a typical dendritic outer surface; b) shows the same particle at higher 
magnification; c) shows a typical granular surface; and d) shows the same particle 
at a higher magnification. 
 
Figure 32 - Small particles with smooth and featureless outer surfaces. 
a) b) 
c) d) 
 50 µm  10 µm 
 500 µm  50 
µm 
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The inner surfaces of large particles (with diameter greater than 400 µm) were 
mostly dendritic, with areas of ordered dendritic arrays and other areas of 
disordered dendrites as shown in Figure 33. Smaller particles still had dendritic 
inner surfaces shown in Figure 34; however, they were not as pronounced as the 
larger particles. 
 
Figure 33 – SEM images of the interior surfaces of aluminium oxide particles 
showing the a) interior surface of the particle, b) ordered dendrites, c) disordered 
dendrites, and the d) cross section of the shell of the particle. 
 
Figure 34 - SEM images of the interior surfaces of small aluminium oxide particles. 
Figure 35 displays several particle morphologies obtained using an optical 
microscope. Unlike electrons in SEM, the visible light in optical microscopy was able 
a) b) 
c) d) 
 300 µm  50 µm 
 100 µm  30 
µm 
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to penetrate the surface of the particles revealing that the particles were hollow 
and translucent. Additionally, bubbles trapped in particle shells and the degree of 
transparency, which was suggestive to a measure of the particle shell thickness, 
were able to be observed. 
 
Figure 35 - Optical images of hollow spherical aluminium oxide particles. 
 
The range of particle morphologies observed was generalised below, in Table 6, by 
description. For accompanying figures, see Appendix D. 
Table 6 - Observations of typical particle morphologies for aluminium tests. 
Particle Diameter  
(Figures are in Appendix 
D) 
Description 
Less than 10 µm  
 
(see Figure 106) 
• Smooth featureless surface. 
• Unclear whether particles were hollow because 
they were too small and hard to cleave open. 
Between 10 and 100 µm 
 
• Dendritic outer surface. 
• Observed to be thin shelled with a dendritic inner 
a) b) 
c) d) 
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(see Figure 107 bottom-
left) 
surface.  
• The shell was of near uniform thickness with 
dendrite structures appearing to have grown 
tangentially.  
• Formed more frequently in the lower pressure 
tests. 
• Very large hollow space in centre of particle. 
• Rarely observed up to 200 µm diameter. 
Between 100 and 400 µm 
 
(see Figure 109 bottom-
right) 
• Non-dendritic outer surface. 
• Thick shells, sometimes with dendrite growth 
towards the centre of the particle.  
• Much smaller void in the centre of the particle, 
which appears to be largely formed by shrinkage 
during solidification of the material, exposing the 
dendritic structures, as shown in Figure 109 
(bottom-right). 
• Rarely observed as small as 10 µm diameter. 
Greater than 400 µm  
 
(see Figure 107 bottom-
right, Figure 108 bottom-
left and Figure 111) 
• Non-dendritic outer surface. 
• Relatively thin shells and a large void inside the 
particle.  
• Shrinkage during solidification would have some 
influence on the volume of the void but other 
factors must have a greater contribution.  
• Most likely formed by ejected pieces of molten 
aluminium during the burning reaction and by 
additional drops produced by a tailing effect of 
molten metal dropping off the end of the rod in 
normal gravity tests 
• In the 800 psi tests under normal and reduced 
gravity, cubic crystal structures were commonly 
observed in these particles. 
4.2 TITANIUM 
4.2.1 Particle Size Distributions 
The particle size distributions measured for titanium tests are summarised below. 
For full data, see Appendix B. 
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Figure 36 - Particle size distributions for larger particles in titanium tests: top-left 1-g 
200 psi; top-right 1-g 800 psi; bottom-left 0-g 200 psi; bottom-right 0-g 800 psi. 
The histograms in Figure 36 showed similar trends to those found for the aluminium 
tests: more large particles in the lower pressure tests and more large particles in 
reduced gravity. There were not many large particles collected in tests under 
normal gravity conditions at 800 psi. The red line showed the lognormal fit for the 
data shown in the graph. The mismatch between this lognormal fit and the data 
suggested that this was not the whole particle size distribution – the data was 
representative, up to a point where smaller particles were unable to be resolved. 
This mismatch was most noticeable in the normal gravity 800 psi tests as the data 
set was relatively small.  
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Figure 37 - Particle size distributions for smaller particles in titanium tests: top-left 1-
g 200 psi; top-right 1-g 800 psi; bottom-left 0-g 200 psi; bottom-right 0-g 800 psi. 
The histograms in Figure 37 showed no significant differences between the 
distributions of small particles observed in all tests. There was a noticeable 
difference in the amount of small particles produced by looking at the amount of 
black powder collected from the tests. The test conditions which produced the 
greatest amount of the powder were the 800 psi reduced gravity tests, followed 
closely by 200 psi reduced gravity. The least amount of powder was produced in the 
200 psi normal gravity tests. 
4.2.2 Morphology 
The burning of bulk titanium rods in high pressure oxygen in a normal gravity 
environment produced very small spheres of titanium oxide. There were a range of 
surface structures observed on the outer and inner surfaces of the particles. The 
outer surfaces were either dendritic or non-dendritic (cellular or granular), with a 
weak dependence on the size of the particle. Similar to the aluminium tests, smaller 
particles tended to have dendritic outer surfaces with right angles between 
dendrite arms and larger particles tended to have a non-dendritic outer surface 
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with some lower order dendritic structures. The very small particles had featureless 
smooth surfaces.  
The inner surfaces of particles collected from the titanium tests were not observed 
as much as those in aluminium tests because they were fewer and smaller, thus 
harder to cleave open. Some examples of broken particles were found in the 
sample, and these were used to give insight to the inner structure of the particles 
and are shown in Figure 131, Figure 132 and Figure 133.  
The distinct types of particles observed are grouped by description below (Table 7 
and Table 8). For accompanying figures, see Appendix E. 
Table 7 – General observations of typical particle morphologies for titanium tests. 
Particle Diameter  
(Figures are in Appendix E) 
Description 
Less than 10 µm 
 
(see Figure 112) 
• Smooth featureless surface. 
• Unclear whether these particles were hollow 
because they were too small and hard to cleave 
open. 
Between 10-80 µm* 
 
(see Figure 113 and Figure 
114) 
• Cellular outer surface. 
• Not observed in tests at 800 psi in reduced 
gravity. 
Between 10-100 µm* 
 
(see Figure 120 and Figure 
121) 
• Dendritic outer surface. 
• Not observed in tests at 800 psi in reduced 
gravity. 
Between 120-200 µm 
 
(see Figure 124 Figure 125) 
• Sponge-like, with many large voids throughout 
particle.  
• Very abundantly observed in Test 8 (200 psi in 
reduced gravity). 
• Observed in tests at 200 psi and 800 psi in 
normal gravity (rare), and 200 psi in reduced 
gravity. 
Greater than 100 µm 
 
(see Figure 126 and Figure 
• Large particles with a mix of low-ordered 
dendritic and granular outer surface structures. 
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127) 
*Particle size ranges overlapped for cellular and dendritic outer surface 
morphologies as particles in that size range seemed to equally fall into either 
category. 
Table 8 – Other observations of typical particle morphologies for titanium tests. 
Observed Feature Description 
One or a few large holes 
in particle surface 
 
(see Figure 118 and 
Figure 119) 
• Not observed in tests at 800 psi in reduced gravity. 
• Only observed on some particles with diameters 
between 25-120 µm. 
Cracks in particle surface 
 
(see Figure 115, Figure 
116, Figure 117, Figure 
122 and Figure 123) 
• Smoother surfaces more likely to have cracks; more 
defined dendritic surfaces have fewer cracks. 
• Common for particles with diameters between 20-
130 µm. 
• Typically have low order dendritic surface. 
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Chapter 5: Discussion 
This chapter presents a discussion of the results detailed in the previous chapter. An 
overview is given to cover all things common between testing for the material at 
different pressures and gravity levels, before the specifics of particle morphologies 
and size distributions. The implications of the rarer observations are discussed in 
detail along with formation processes for particles. The effects of gravity on the 
particle size distributions and morphologies are subsequently investigated with the 
comparison of normal to reduced gravity test results while keeping pressure 
constant. This is followed by the effects of pressure while keeping gravity level 
constant. 
Section 5.1 discusses the findings from the aluminium tests. Section 5.2 does the 
same for the titanium tests. Section 5.3 presents a diagrammatic representation 
and summary of particle formation mechanisms. 
5.1 ALUMINIUM 
5.1.1 Normal Gravity Testing 
Overview 
The aluminium oxide particles were generally hollow white spheres; however, some 
were shades of orange possibly due to traces of other elements such as copper, as 
the reaction chamber contains copper components in close vicinity to the reaction 
(although Energy Dispersive Spectroscopy analysis found no difference between 
white and orange particles). On closer examination under an optical microscope, 
the particles appeared glassy and translucent due to ridges on the exterior surfaces 
and dendritic structures on the interior surfaces (shown in Figure 38). These ridges 
and structures were mostly due to the granular or dendritic morphology of the 
outer and inner surfaces of the particles. Additionally, in the larger particles, round 
voids were present in the particle shell. The thickness of the particle shell varied 
from particle to particle judging from the range of transparency of the particles. 
Additionally, the thickness of the particle shell was generally found to be non-
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uniform within each particle. For example, the particle shown in Figure 33 had a 
diameter of approximately 500 µm and a shell thickness varying from 5 µm to 60 
µm. 
Morphology 
The outer surfaces of the particles were glassy in appearance but rough on the 
micro-meter scale. The larger particles (diameter greater than 400 µm) tended to 
have a granular surface, as shown in Figure 31c and smaller particles (less than 400 
µm diameter) tended to have a dendritic surface as shown in Figure 31a. The inner 
surfaces of the hollow particles were clearly dendritic. Some areas of the inner 
surfaces had very ordered arrays of dendrites with direction of growth towards the 
centre of the hollow particle as shown in Figure 33b. However, within the same 
particle, another area on the inner surface may have more disordered dendrites as 
shown in Figure 33c. There were rare observations of other crystal structures, 
shown in Figure 39 (only on particles larger than 400 µm). 
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Figure 38 – Particle has a glassy and transparent appearance due to ridges on inner 
and outer surfaces. 
 
Figure 39 - Non-dendritic cubic structures found in rare instances on inner surfaces 
of aluminium oxide particles. 
A likely reason for the correlation between particle size and whether the outer 
surface appears dendritic or granular is the difference in cooling rates. This also 
explains the formation of other crystal structures which were only observed on 
large particles, which cooled slowly. 
Very small particles cool and solidify very quickly due to a high surface area to 
volume ratio, which enhances heat dissipated to surroundings. These very small 
particles would have a high interfacial velocity (solidification front velocity) and a 
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very high temperature gradient (at solidification front), resulting in a non-dendritic 
surface structure (refer to Figure 13). Larger particles may also solidify quickly (but 
not necessarily cool quickly or have a large temperature gradient) because as they 
cool, oxygen (in a dissolved or bound state) is released resulting in a thin shell which 
can release heat very quickly as surface area is greatly increased during expansion 
(but may retain heat in the enclosed gas). These particles would have a high 
interfacial velocity and a low temperature gradient, and form particles with 
dendritic surfaces with thin shells (refer to Figure 13). On the other hand, there is a 
range of larger particles which have a thick shell and thus would cool and solidify 
relatively slowly due to the thickness of the particle and the relatively low surface 
area to volume ratio. These thicker particles would have a low interfacial velocity 
and a higher temperature gradient, resulting in non-dendritic surface structures 
(refer to Figure 13). It was not entirely clear from SEM imaging whether very small 
particles on the order of 1 µm had dendritic or non-dendritic outer surfaces; 
however, they appear smooth and glassy, characteristic of very rapid cooling. Some 
very large particles may have reached the bottom of the test chamber before the 
interior of the particle had solidified, allowing gravity to pull the remaining material 
downwards. This may have effect on the cooling rate of the remaining liquid, 
allowing the formation of the non-dendritic structures in the very large particles, 
see Figure 39. 
The dendritic structures observed on inner surfaces appear to have been rapidly 
quenched as the dendritic arms are round and bulbous, especially for particles with 
diameters less than 400 µm. The observations of the rapidly quenched dendritic 
structures suggest that there was sufficient time and temperature for the material 
to begin to transition into an ordered dendritic structure during cooling. This is 
evidence for the material formed retaining enough energy to begin the 
heterogeneous nucleation of the dendritic fingers. There were two distinct regimes 
of dendritic structures observed on the inner surfaces of particles: ordered and 
disordered dendrite structures. Examples of ordered dendrites are shown in Figure 
33b and the first two images in Figure 34; and examples of disordered dendrites are 
shown in Figure 33c and the third image in Figure 34. The ordered dendrite 
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structures appear to have grown towards the centre (not exactly towards the 
centre) of the particles. The dendrite arms were clearly visible and exposed once 
the particles were cleaved open, which means the structures grew into another 
phase that occupied the centre space of the particle. This phase within the particles 
was either: a liquid which solidified and shrunk away during cooling to form 
disordered dendrites or a sparsely dense phase which deposited to form ordered 
dendritic structures. The existence of liquid and gaseous phases is in agreement 
with the phase diagram shown in Figure 5. To further reinforce the validity of the 
phase diagram, the release of gaseous oxygen can occur during cooling, from a 
high-oxygen content liquid phase to a low-oxygen content liquid phase, which is 
free to expand to form hollow spheres with little surface stress when solidified. The 
lack of surface stress, since expansion occurs in a liquid state, correlates with very 
few cracks being observed on particles. 
It is very unlikely that enhanced cooling of particles took place from contact with 
the reaction chamber. There were no observations of particles adhered to the 
surfaces inside the combustion chamber, so solidification occurred much before 
particles typically encountered the walls of the reaction chamber; however, there 
were very rare observations of flattened sides or non-perfect spherical geometry of 
particles, suggesting some collision during the solidification of the particles. 
Hollow Particle Formation 
Most of the aluminium oxide particles viewed under the optical microscope 
appeared to be hollow. It is not clear from the literature why the particles form a 
significantly sized hollow void. Most likely it is due to gaseous oxygen being released 
during cooling, but the mechanisms for this process are not well understood. For 
example, for a particle with an average thickness of 30 µm and a diameter of 500 
µm, about 32% of the volume is aluminium oxide (appears solid, but possibly 
porous). Possible factors include: 
 Contraction of material during cooling. 
 Oxygen solubility of liquid aluminium and liquid aluminium-oxygen solution. 
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 High oxide ions forming during the reaction. 
 Other forms of excess oxygen. 
These all release gaseous oxygen during cooling and solidification. The variation of 
the solubility of oxygen in liquid aluminium due to temperature suggests 
contraction rather than expansion during cooling since liquid aluminium is able to 
dissolve more oxygen as temperature decreases [71]. The small amount of dissolved 
oxygen does not immediately react with the liquid aluminium to form aluminium 
oxide at these high temperatures. Also, only a very small amount of oxygen can 
dissolve in liquid aluminium when compared to other metals with estimates of 
0.003% weight or less [98]. Corresponding values for the solubility of oxygen in 
liquid Al2O3 and the aluminium-oxygen solution are not available. Additionally, 
there is evidence that several sub-oxide species, namely AlO, Al2O and Al2O2, are 
formed during combustion [71]. These compounds have a lower oxygen-to-
aluminium ratio than Al2O3, thus not contributing to excess oxygen when reacting to 
form a stable oxide; however, they may have differing oxygen dissolution 
properties. Other ways oxygen can be held are adsorption and the formation of 
high-oxide ions. Iron, for example, has been shown to produce a range of high-oxide 
ions during combustion, namely FeO2
-1, Fe2O5
-4, FeO3
-3 and Fe2O7
-8 [6]. These high-
oxide ions were shown to be a mechanism for oxygen transport to the reaction 
zone, which in the case of iron is the solid/liquid interface. The combustion 
behaviour of aluminium differs from that of iron as a significant amount of gas 
phase reaction occurs during the burning of aluminium. It is still possible that 
oxygen may be transported to the freshly melted aluminium in a similar manner. It 
is important to note that many published aluminium combustion studies are done 
at 1 atm of pressure (14 psi), where some phenomena may be repressed. For 
comparison, this work burns aluminium at a minimum of 27.2 atm (400 psi) of 
pressure. 
A trend observed for hollow particles was that large particles have relatively thin 
shells and small particles have relatively thick shells, which means that the amount 
of oxygen released per unit volume is not constant, and large particles dissolved 
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and released more oxygen. Larger particles dissolved more oxygen because they 
remained in a liquid phase longer. This was due to particle growth adding heat to 
growing particles, though this was in competition with the decreased surface area 
to volume ratio, lowering the ability for the particle to directly dissolve more gas. It 
is possible, however, that the amount of oxygen released per unit volume could be 
consistent as gas released in small particles may escape the particle before the 
surface solidifies. The increased surface area to volume ratio in small particles 
increases the chance that a gas bubble may escape. 
A proposed formation process for hollow spherical particles must account for the 
following observations: 
 Low solubility of oxygen in liquid aluminium under equilibrium 
conditions. 
 Almost perfect spheres. 
 Large void in the centre of the particles. 
 Various inner and outer surfaces as previously described. 
 Result in lognormal size distribution. 
The proposed formation process for hollow particles is as follows: 
1. The process starts with a non-stoichiometric liquid oxide particle 
(with or without excess oxygen). 
2. After initial heat loss to the environment, solidification begins on the 
particle surface, forming an outer shell that progressively grows and 
solidifies. 
3. Oxygen (dissolved or bound) is present during cooling of melt and 
begins to come out of solution and/or lower oxides produced. 
4. Oxygen coalesces to form a large gas-filled cavity. Additional smaller 
gas-filled cavities may be present in the particle shell. 
5. Complete solidification (cooling) of particle, where types formed 
depend on initial pressure or formation mechanism. 
The origin of small non-stoichiometric AlxOy particles may be attributed to a 
combination of: the dissociation of Al2O3 and other oxides into a vapour phase, 
which formed from the surface reaction between melted Al and gaseous oxygen 
(dissociating due to the extremely high temperature attained from the continuing 
surface reaction); liquid material ejected from the melt due to boiling; and 
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aluminium vaporised by heat liberated from various heterogeneous and 
homogeneous reactions subsequently reacting with adsorbed or gaseous oxygen. 
The voids inside particles are not vacuous (contain a vacuum), but are rather gas-
filled cavities. It is possible that a factor in the formation of voids inside the particles 
is that there may be a continued exothermic reaction within particles producing 
vapour products which form gaseous bubbles and the resulting voids are remnant 
of the bubbles. A continued reaction very likely contributes to the expansion of the 
particle; though, if the voids formed solely by liberated gas from an exothermic 
reaction inside the particle, then the void would be a vacuous void when fully 
solidified as all the vapour would be deposited, leaving no void. For this to happen, 
there must be a solid shell formed around the particle which means the outer 
surface of the particle cooled beyond the melting point (around 2100 °C) and the 
temperature inside the particle must have been at least several hundred degrees 
hotter to allow significant dissociation or vapour formation. It is unlikely that such a 
temperature gradient could be sustained (with particle walls up to 100 µm thick); 
rather the entire particle would be liquid due to the heat produced by reactions 
inside the particle keeping the outer surface at a high temperature. Any vaporous 
material would be deposited and the entirely liquid particle would fill in any low 
pressure volumes formed. Additionally, for many other metals burnt under these 
conditions (that have been described in the literature: Fe, Co and Ti), there has 
been excess oxygen released during cooling and no metals have been shown to 
form vacuous voids so far. 
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Figure 40 – SEM image of an aluminium oxide particle (lower) and a palladium 
particle (upper) in contact (from Inconel testing in reduced gravity). 
Size Distribution 
The size distribution of particles analysed ranged over three orders of magnitude, 
from approximately 1 µm to 1000 µm. Many of the larger particles were most likely 
produced due to ejecta from the molten mass during combustion and tailing of the 
molten mass, where the molten mass separates from the end of the rod as it 
becomes too heavy and as it detaches, a set of smaller liquid drops are created. 
Additionally, it is possible that some of the smaller particles may have been 
produced by the ignition of the aluminium/palladium igniter wire as small particles 
of aluminium oxide and palladium in intimate contact were not uncommon in 
previous experiments by the author as shown in Figure 40. This micrograph was 
taken from another experiment using the same aluminium/palladium igniter wire; 
however, the sample did not contain aluminium. The effect of the igniter wire is 
discussed further towards the end of this section. 
Optical and scanning electron microscopy were used to determine particle size 
distributions by imaging and analysing collected samples. For optical microscopy, 
only one level of zoom was used to compromise between resolution, amount of 
data and depth of field, and as a result, the analysis produced sound results only for 
 10 µm 
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particles larger than 100 µm but the entire collected sample was analysed. These 
showed that particles greater than 100 µm strongly correlated with a lognormal 
distribution. For most tests, relatively few particles were larger than 100 µm in 
diameter and optical microscopy was not employed. SEM was used to image all 
tests, which resolved far smaller particles to the order of 1 µm depending on the 
level of zoom. Although SEM was capable of resolving such small particles, it was 
not possible to image a representative sample at one level of zoom. Two different 
zoom regimes were used to capture the distribution of larger particles and the 
distribution of smaller particles. It was also noticeable when the level of zoom 
became unable to resolve particles of certain sizes. For example, a histogram of the 
particle size distribution shown in Figure 29 (bottom-right) reveals a peak around 25 
µm where, due to the level of zoom, the data begins to become inaccurate, 
suggesting that the actual peak should be much more towards the left. This is also 
evidenced by numerous small aluminium oxide particles of 1-10 µm on the surface 
of larger particles shown in Figure 41. This is consistent with observations of Bucher 
et al., where small spheres of Al2O3 with diameters of 100-200 nm were found 
within the high density smoke region around a small burning aluminium particle 
[69]. Particles of this size could be present in the sample, but could not be resolved 
using SEM. Additionally, due to the much longer timeframe and other parameters of 
this experiment, most likely grew or coalesced to form larger particles. Figure 30 
shows histograms of samples of very small particles at a more appropriate level of 
zoom, which shows peaks around 1 µm. 
  
‎Chapter 5: Discussion 87 
 
Figure 41 – SEM image of small particles on the surface of a large particle. 
The distribution of particle sizes fits well with lognormal distributions as shown in 
Figure 29 and Figure 30. It was expected that the particle size distribution would be 
lognormal since many studies concerning particle size distributions of finely divided 
systems across a multitude of disciplines result in finding a lognormal distribution 
[86]. It is unclear, however, if there is one encompassing lognormal distribution for 
all particles or if due to several mechanisms, there exists two or more overlapping 
distributions – each the result of a single formation mechanism. 
The processes of evaporation and subsequent condensation tend to result in a 
single lognormal distribution [86]. The burning of bulk aluminium rods forms AlxOy 
vapour and liquid particles which condense/coalesce and cool. The formation of the 
vapour could be a result of the boiling of aluminium liquid, the decomposition of 
oxide liquid, and the homogeneous and heterogeneous reactions between Al gas 
and oxygen with each of these contributing to the final particle size distribution. 
From the analysis, either: there is a single lognormal distribution; or there are 
several with one being very dominant – so dominant that all other distributions are 
obscured by noise in the measurements. The dominant distribution is the one 
describing the smaller particles as they greatly outnumber the larger particles. That 
 100 µm 
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is, if the data describing the number of particles in the histograms in Figure 29 and 
Figure 30 were scaled to describe the total collection of particles, the multiplier for 
the number of small particles would be in excess of 1000 times greater than that of 
the number of large particles. 
Lognormal Bias in Particle Size Distributions 
The raw data gathered from the counting of particles almost always correlated well 
with a lognormal distribution regardless of the level of zoom. Primarily, this is 
caused by a failure to count and adequately measure all the particles smaller than a 
certain threshold diameter dependent on the resolution and level of zoom of the 
SEM images. This threshold is not a hard cut-off, rather the chance that a particle is 
measured decreases as its size decreases and looks more like noise in the image. A 
hard cut-off threshold should be employed just before the peak in the raw data as 
this is when the limits of the resolution begin to affect the accuracy of the data. 
With the removal of data below this threshold, the tail end of a lognormal 
distribution remains. 
Condensation of vapours and aerosols have consistently been shown to correlate 
with lognormal particle size distributions. It is expected that the overall distribution 
was lognormal due to the growth and formation mechanisms [85, 86, 87]: 
 Volatilised aluminium reacting with adsorbed or gaseous oxygen. 
 Volatilised aluminium condensed on a particle reacting with gaseous 
oxygen. 
 Volatilised oxide condensing on a particle. 
There is the possibility that the overall distribution consists of several lognormal 
distributions added together - each with unique parameters and the result of a 
single growth or formation process [88, 89]. However, evidence for multiple 
distributions has not been observed from this data set due to the very strong skew 
of the overall distribution towards very small particles around 1 µm in diameter. 
Other ways of analysing the data, such as measuring weight percentage or against 
particle diameter (instead of number of particles against particle diameter), may 
reduce the dominance of very small particles but may introduce assumptions such 
as particle shell thicknesses and porosity, among other factors. 
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Another factor identified which may have had a small effect on particle size 
distribution bias was small particles being swept away through the vent port of the 
combustion chamber during de-pressurisation after a test. The vent port of the 
combustion chamber was located at the bottom of the chamber, under several 
components/surfaces (copper shroud, sample holder and slag cup) which the large 
majority of particles were collected from. Some very small particles (diameters < 20 
µm) would have been swept out through this port during de-pressurisation, leaving 
larger particles unaffected. The depressurisation was done very slowly to minimise 
this effect. The effect of this factor would be that there was really a slightly higher 
proportion of smaller particles compared to larger particles than what was 
collected, but since the proportion of small particles to large particles was unable to 
be explored in this research, this factor has very little impact on this work. 
 
Effects of Igniter Wire 
The igniter wire consists of an inner core of aluminium and a jacket of palladium, 
which alloy together to generate copious amounts of heat. This presents a problem 
that the palladium in the igniter wire may react with the aluminium in the rods 
being tested and affecting the results of the experiments. The large majority of the 
igniter wire material is removed from the reaction region by detaching with the first 
drop of molten material closely after ignition [99], but palladium particles ejected 
during ignition could react with vaporised aluminium, producing heat away from 
the reaction zone as well as becoming nucleation sites. There has been no evidence 
found to support this as aluminium oxide particles have not been observed to have 
small palladium particles in the shell or on the inner surfaces. 
Reduce gravity tests would be the most affected by igniter wire material since 
ejected palladium particles reside longer around the reaction zone. Typically, the 
burning reaction in a reduced gravity test experiences around 0.2 seconds of normal 
gravity before the onset of reduced gravity. In this 0.2 second window, more than 
one drop is able to detach. This time spent in normal gravity may have an effect on 
the experimental results, but no evidence of this was observed. The lognormality of 
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the particle size distributions was not affected. The movement of the gas in the 
chamber caused by the buoyant forces in the 0.2 second window may affect particle 
growth mechanisms; however, would result in an increased number of larger 
particle and fewer smaller particles in reduced gravity. That is, the effect would be 
to lessen the differences between normal and reduced gravity results. 
Voids in the Centre of Particles: 
The main reason for a large void in the centre of particles rather than many smaller 
voids throughout the particle is that the voids get so big that, inevitably, the voids 
forming throughout the particle make contact with each other and coalesce. When 
analysing aluminium tests, there were no observations of particles with many small 
voids without a large void in the centre of the particle; however, in the larger 
particles, small voids in the shell of larger particles were observed using optical 
microscopy (shown in Figure 42).  
 
Figure 42 – Small voids in the shell of a large particle from an aluminium test. 
Another mechanism for voids coalescing is the temperature gradient of particles 
during cooling. The centre of the particle is the hottest during cooling and this 
temperature gradient exerts a thermophoretic force away from the centre of the 
particle. This pushes the metal and metal oxide away from the centre, effectively 
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pulling the voids towards the centre. Larger particles cooled slower, increasing the 
effect of this mechanism. 
The voids were not always observed to be in the centre of particles. If one side of 
the particle starts to solidify sooner than the other side (possibly due to the particle 
being ejected or accelerated), then the void may not have sufficient time to migrate 
to the centre of the particle before much of the centre has already solidified, 
resulting in a shell that is non-uniform in thickness. 
5.1.2 Effect of Gravity Level 
The effect of gravity level on the size distribution of particles was significant. It was 
found that there were an increased number of large particles and fewer small 
particles in normal gravity, when compared to reduced gravity tests at the same 
pressure. This is shown by comparing collected samples from normal and reduced 
gravity tests shown in Figure 43 and Figure 44, respectively. Particle size 
distributions were wider and average particle size was greater in normal gravity 
tests. It was noted that in regards to particle size distributions, increasing the 
gravity level had an effect opposite to increasing the pressure. 
 
Figure 43 - Entire collected sample from aluminium test in normal gravity at 200 psi. 
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The increased heat produced and the higher temperature of the burning reaction in 
reduced gravity tests (compared to normal gravity tests [62]) has an effect on the 
particle size distribution. The resulting melt forms more vapour material through 
boiling and dissociation reactions at the higher temperature. This should have the 
effect of larger particles and more particles in general. The collected and analysed 
samples showed otherwise – that reduced gravity has an effect which opposes that 
of the increased heat. 
 
Figure 44 - Entire collected sample from aluminium test in reduced gravity at 200 
psi. 
In reduced gravity there was more surface of the melt exposed during the burning 
because the mass does not drop away resulting in a large spherical ball of molten 
material. This accounts for the differences between tests under different gravity 
levels (at the same pressure). The mass transfer inside the melt will be slowed by 
the lack of buoyant forces in reduced gravity, resulting in less ejection of material 
from the molten mass and increased dissociation rates. In turn, fewer large particles 
form due to the less ejection of material, and more small particles form due to the 
increased amount of dissociated material. The slowing effect on mass transfer was 
limited, since during the time before reduced gravity conditions were achieved (the 
ignition occurs in normal gravity, along with some of the reaction to ensure the 
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igniter material is removed from reaction zone), the gases in the chamber were set 
in motion by buoyant forces. This movement continues, though diminishes, through 
the two seconds of reduced gravity. The time between ignition and the onset of 
reduced gravity is long enough for noticeable movement of the gases inside the 
chamber to begin and can be observed in slow motion video recordings as cloudy 
material sloshes. Another compounding factor is that the Regression Rate of the 
Melting Interface (RRMI) of aluminium rods is increased in reduced gravity, which 
means that the reaction zone retreats from the burning products quicker and the 
total reaction time decreases– effectively decreasing the residence time of particles 
formed in reduced gravity, leading to smaller particles. 
The morphologies of particles were not greatly affected by gravity level. The most 
notable difference was that only normal gravity tests (at lower pressure) were able 
to produce particles with defined dendritic outer surface structures (for example, 
see Figure 45). This was consistent with the thin-shelled dendritic particles being 
formed by material ejected from the boiling melt, since increased mass transfer in 
the melt allowed more material to be ejected under normal gravity test conditions.  
 
Figure 45 - Defined dendritic structures only found in tests at 200 psi in normal 
gravity. 
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The lack of effect of gravity level on particle morphology is due to the either weak 
relationship of gravity level with factors that affect individual particle morphology. 
Rather, the morphology seems to be greatly influenced by the size of the individual 
particle (see Table 6) and how the particle cools (as discussed earlier in Section 5.1.1 
- Morphology). 
5.1.3 Effect of Pressure 
The effect of pressure on the size distribution of particles in normal and reduced 
gravity was very pronounced. Two test pressures (200 psi and 800 psi) were chosen 
such that the range would be large and within limits of the current experimental 
platform. Higher pressure tests produced an increased number of smaller particles 
and fewer larger particles. It was observed in SEM images for all samples that 
particles as small as 0.2 µm were present and abundant. This means that the 
particle size distributions were narrower and the average particle size was smaller 
in higher pressure tests. This can also be seen by comparing the collected samples 
from tests at 200 psi and 800 psi, shown in Figure 43 and Figure 46, respectively. 
 
Figure 46 - Entire collected sample from aluminium test in normal gravity at 800 psi. 
The narrower size distributions and smaller average particle sizes in high pressure 
tests is caused by more vapour material being generated by dissociation of oxides 
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and less boiling in the molten mass compared to low pressure tests. Aluminium 
burns hotter [3] in higher pressure which results in increased temperatures, 
increasing the dissociation rate of oxides. The dissociation products recombine to 
form small aluminium oxide particles. The reduced amount of boiling in the molten 
mass due to increased pressure, in turn, reduces the amount of material ejected 
from the molten mass, forming fewer larger particles. Similar to the effect of 
reduced gravity, the Regression Rate of the Melting Interface (RRMI) of aluminium 
rods increases as pressure increases, decreasing the residence time of particles 
formed in higher pressure and forming smaller particles. 
The morphologies of particles were not greatly affected by pressure. The most 
notable difference was the common observation of higher-order dendritic outer 
surfaces only appearing in the normal gravity tests at low pressure, which was 
discussed previously in the effect of gravity level section.  
The particles smaller than 10 µm, although comprising a larger fraction of the 
sample in higher pressure tests, appeared to be morphologically the same 
regardless of pressure. These particles were observed throughout the sample on 
the surfaces of larger particles and when clumped together, appeared as a grey 
paste as photographed in Figure 47. A SEM image of the grey paste is shown in 
Figure 48.  
Some crystal structures were observed in rare instances exclusively in the higher 
pressure tests. These structures were usually cubic as shown in Figure 111. 
Described above are the trends based on the comparison between experiments at 
oxygen gas pressures of 200 psi and 800 psi. It has been demonstrated in the 
literature that the burning behaviour of aluminium is non-linear around 200 psi to 
400 psi [100, 101]. The RRMI for aluminium rods increases as pressure increases up 
to around 200 psi, then it decreases as pressure increases up to about 400 psi, then 
it increases as pressure increases again. The effects of this non-linear behaviour are 
unable to be discerned from just comparing 200 psi experiments to those at 800 psi 
and more experiments will be required to determine if the cause of it may be 
 96 ‎Chapter 5: Discussion 
understood by studying the combustion products produced in experiments at 
several pressures between 200 psi and 400 psi. 
 
Figure 47 – Photograph of small particles clumped together appearing as a grey 
paste. 
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Figure 48 - SEM image of clumps of small particles (grey dried paste) at the bottom 
of sample vials after evaporation of acetone. 
5.2 TITANIUM 
5.2.1 Normal Gravity Testing 
Overview 
The collected particles of oxidised titanium were generally very small spherical 
particles. Only the largest of the particles collected appeared white, whereas the 
smaller particles were too small to individually discern visually and appeared as a 
dark grey powder. Optical microscopy was not used to analyse samples collected 
from burning titanium as particle features were too small to be resolved. 
The collected samples appeared very dark partly due to the collection of other very 
dark coloured material such as vapour deposited material on the copper cup. Some 
of this material detached as thin sheets from the copper cup when it came in 
contact with the acetone wash. When compared to aluminium tests, the amount of 
particles produced was much less for the titanium tests. It was expected that 
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titanium would produce results similar to those of aluminium since both metals are 
so readily flammable in pure oxygen. However, very few particles larger than 50 µm 
were created, with the large majority of particles collected having diameters on the 
order of 1 to 10 µm. Additionally, the overall mass of particles produced was much 
smaller than that of aluminium tests, which suggests that much less vapour phase 
burning occurred in titanium tests compared to aluminium tests.  
Morphology 
The outer surfaces of the particles were unable to be observed without the use of 
electron microscopy. SEM revealed that the particles had many structures similar to 
those observed in aluminium samples: dendritic structures (with 90° angles 
between primary and secondary dendrite arms), lower order dendritic and granular 
structures. Some differences were also observed: holes and cracks in the outer 
surface of some particles, sponge-like structures and cellular structures.  
 
 
Figure 49 – Collected titanium sample prepared on SEM stubs. 
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The inner surfaces of particles were not well observed. The small size of particles 
and the small amount of them collected did not allow them to be cleaved open as 
they were for aluminium tests. Images taken of the inner surfaces were of particles 
found to be already broken open. From the observations, it is expected that some 
of the particles contain a hollow void in the centre of the particle. Voids were 
observed in some of the broken particles and there were complementary 
observations of particles with large holes on the surface of intact particles. The 
voids tended to be smaller than the voids in similarly sized particles from aluminium 
tests. The morphologies of the inner surfaces of the few particles observed were 
mostly irregular structures, unlike those observed for aluminium (see Figure 132 
and Figure 133). 
General Particle Formation 
A proposed formation process for the particles collected from titanium tests must 
account for the following observations: 
 lognormal size distributions 
 mostly spherical particles 
 voids in many particles 
 many of the larger particles have cracks 
 Inner and outer surface morphologies described above 
 Much of the fractured non-spherical material have holes throughout 
and appear sponge-like. 
Causes of the lognormal size distributions and the formation of spherical particles 
were discussed in the aluminium section (‎5.1.1). The causes of voids and holes in 
particles are discussed at the end of this section. 
The proposed general formation process for particles is as follows: 
1. The process starts with a non-stoichiometric liquid oxide particle 
(with or without excess oxygen). 
2. After initial heat loss to the environment, solidification begins on 
the particle surface, forming an outer shell that progressively 
grows and solidifies. 
3. Oxygen (dissolved or bound) is present during cooling of melt and 
begins to come out of solution and/or lower oxides produced. 
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4. Oxygen coalesces to form a large gas-filled cavity. Additional 
smaller gas-filled cavities may be present in the particle shell. 
5. Cracks form on surface due to shrinkage and release of pressure 
build-up inside particle. 
6. Complete solidification (cooling) of particle, where types formed 
depend on initial pressure or formation mechanism. 
The burning reaction produces small TixOy liquid particles with dissolved oxygen. 
These particles originate from several mechanisms: dissociation of titanium oxides; 
vapours of titanium reacting with gaseous or adsorbed oxygen; and ejecta from 
boiling of the molten mass. Unlike aluminium, liquid titanium can dissolve a 
significant amount of oxygen; however, the particles have smaller voids when 
compared to similarly sized particles in aluminium tests. It is possible that titanium 
does not form an easily expandable state during cooling and thus cannot expand in 
the same way when gas is released (compared to aluminium tests).  
 
Figure 50 - Titanium-Oxygen binary phase diagram [102] 
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The Titanium-Oxygen binary phase diagram [102] in Figure 50 shows a liquid state 
above approximately 1900°K, which are consistent with observations. There may 
exist a high-oxygen content liquid phase similar to the one found in the aluminium-
oxygen binary phase diagram. If this is the case, then a similar process for forming 
hollow spheres in the aluminium experiments would occur (see section ‎5.1.1). 
Observations of hollow spheres in titanium tests, which look similar to hollow 
spheres observed in aluminium tests, are evidence for this (shown in Figure 126). 
Measurements of elemental composition of these particles using EDS confirmed 
that these particles are mostly titanium and not formed from the aluminium in the 
igniter wire (see Figure 51 for typical EDS spectrum of particle shown in the middle 
of Figure 52).  
 
Figure 51 - EDS spectrum of typical particle from titanium test. 
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Figure 52 - Typical particle from titanium test (EDS in previous figure) 
Size Distribution 
The size distribution of particles collected ranged over two orders of magnitude, 
from approximately 0.5 µm to 400 µm. Many of the largest particles were formed 
by two processes: 
 During the burning reaction of bulk titanium rods, it was typically 
observed that there were numerous small expulsions of matter out 
from the liquefied metal. This produced a number of larger particles 
(> 100 µm diameter) found during analysis of the collected samples. 
 The tailing effect described for aluminium tests also applies, where a 
set of liquid drops are created when the molten mass separates from 
the end of the rod as it becomes too heavy and detaches. 
The level of zoom used to collect data for large particles was able to resolve 
particles down to around 10 µm, which was much smaller than similar analysis for 
aluminium particles. This was due to the average particle size being much smaller 
for titanium tests. The smaller particles were imaged similarly to the aluminium 
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tests – at the maximum zoom with adequate resolution, allowing particles as small 
as 1 µm to be resolved. 
The particle size distributions for large particles and small particles are well 
correlated with lognormal distributions, as shown in Figure 36 and Figure 37. The 
histograms for large particles had a relatively small sample at higher pressures since 
not many particles larger than 20 µm are produced during the experiment and were 
spread thinly throughout SEM images analysed. 
Presence of Cracks in Many Particles 
Cracks were observed commonly on particles greater than 20 µm in titanium tests. 
On the other hand, cracks were rarely observed in the aluminium tests due to the 
particles forming a low-oxygen content state which allowed the particle to expand 
as gas was released inside the particle. Some of the cracks observed in titanium 
tests showed strong evidence that gas was pushed through from the inside of the 
particle where both sides of the crack appear to peel outwards (shown in Figure 53). 
This was less prevalent in particles with more defined dendritic surfaces, where 
cracks consistently appeared parallel to primary dendrite arms (shown in Figure 
122). The spaces between primary dendrite arms are the last to solidify. In 
combination with shrinkage during solidification, this makes these spaces weak 
spots on the surface for the relief of pressure built up inside the particles as gases 
are released during cooling. In particles without dendritic surfaces and no weak 
spots on the surface, it is harder for the gas to escape the particle and breaching the 
surface may be delayed until the surface has solidified and once solidified, will have 
to peal the solid surface outwards as gas is released or form a void inside the 
particle. Additionally, in order for the surface to be breached by escaping gas, 
solidification of the surface must begin before much of the oxygen is released such 
that particle (in a liquid phase) does not simply expand to accommodate the extra 
volume of the released gas. 
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Figure 53 - Cracks peeling outwards on particle on the left. 
Presence of Holes in Particle Surfaces 
Particles observed with holes (see Figure 118 and Figure 119) in the particle surface 
did not have cracks. Holes in particles may be caused by some similar mechanisms 
to those which formed cracks, where gases were released and breached the surface 
during solidification of the surface instead of after the surface has solidified. 
Solidification of the particle begins on one side and the built up gas is only able to 
escape through the other side, forming a hole where the surface was last to solidify. 
This may be aided by buoyant forces pushing the bubbles upward. 
5.2.2 Effect of Gravity Level 
The effect of gravity level on the size distribution of particles was significant. Similar 
to the analysis of aluminium test results, it was found that there were an increased 
number of large particles and fewer small particles in normal gravity, when 
compared to reduced gravity tests at the same pressure. This was much more 
noticeable in the 800 psi tests, where there were an increased number of smaller 
particles collected from reduced gravity tests. Also similar to the aluminium 
analysis, decreasing the gravity level had a similar effect to increasing the pressure. 
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The morphologies of particles were not significantly affected by gravity level. The 
only difference was that in reduced gravity, at the higher test pressure, there were 
several morphologies which were not observed. This is primarily due to the lack of 
large particles, which tended to have those kinds of surface features. A particle's 
morphology seems to be almost exclusively influenced by the size of that particle. 
For further discussion regarding the effect of gravity, see section ‎5.1.2. 
5.2.3 Effect of Pressure 
Pressure had a large effect on the particle size distribution. From the histograms in 
Figure 29, it was shown that there were an increased number of larger particles in 
the low pressure tests. Since the smallest size particles were present in all samples 
and the distribution of small particles (Figure 30) appeared to not be affected by 
pressure, then the overall distribution was wider and the average particle size was 
greater at lower pressures. The cause of the production of fewer larger particles in 
higher pressure was described in section ‎5.1.3. 
Dendritic outer surface structures were most commonly observed in lower pressure 
tests. Many of the observed structures were rarer in higher pressure tests, primarily 
due to these being only observed on larger particles, which did not form in high 
pressure tests. Sponge-like morphologies were not observed in high pressure tests 
in reduced gravity. These particles tended to be larger than 20 µm in diameter and 
under these testing conditions, not many particles of that diameter formed. The 
sponge-like morphology was most abundant in reduced gravity at lower pressure 
and rarely observed in normal gravity conditions for both pressures.
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5.3 SUMMARY AND SCHEMATIC OF PARTICLE FORMATION MECHANISMS 
A general schematic of the particle formation process from a burning metal rod is 
presented in Figure 54. This figure summarises five processes associated with the 
production of the particles being discussed: 
 The tailing effect in normal gravity tests. 
 General particle formation mechanisms. 
 Effects of increased pressure. 
 Effects of reduced gravity. 
 Formation of hollow particles. 
Figure 54 and the following summary, is specific to the burning of aluminium rods in 
oxygen, but can also be applied generally to titanium rods (and other metals) 
burning in oxygen gas. Differences between metals would be the location of the 
reaction surface and the relative effect of the five effects noted here that produce 
particles. 
5.3.1 Overview 
The burning reaction, initiated by ignition, propagates up the aluminium rod by 
heat generated (from the burning reaction) melting the bottom of the aluminium 
rod through conduction of energy from the reaction zone into the solid rod. The 
ongoing reaction between aluminium (liquid, solution and/or vapour) and oxygen 
(in solution, absorbed and/or gas) generates heat and continues the burning. 
The resolidified mass that is present at the bottom of the chamber at the end of a 
test is the result of drops growing, detaching and landing on top of each other in 
normal gravity tests, resulting in a bulbous shape (shown in Figure 54). The drops 
detach in normal gravity as the force of gravity overcomes the adhesion and surface 
tension forces holding the molten mass on the bottom of the burning metal rod. 
The drops do not detach during reduced gravity tests until the conclusion of the 
test, resulting in a splattered or squashed shape (not shown in Figure 54). The 
resolidified mass contains small amounts of unreacted metal in normal gravity tests 
[103] as detached drops may not have enough oxygen content to completely 
oxidise the material. The unreacted amount and the amount of resolidified mass in 
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total depends on pressure, where there is more at lower pressure. Generally, the 
resolidified mass is a dark grey colour throughout. In normal gravity tests at low 
pressure, the surface of the resolidified mass is pearly white [103]. 
5.3.2 Tailing Effect 
As noted, in normal gravity tests, the molten mass increases in weight as more solid 
rod is melted. When the weight of the molten mass overcomes the surface 
tension/adhesion, a drop detaches. A series of droplets forms during this droplet 
detachment due to the “tailing effect” (shown in Figure 54 labelled 1B). 
Subsequently, these droplets solidify. This is the primary formation mechanism for 
the very large particles (diameters greater than 400 µm; shown in Figure 54 
labelled in 1B and 3 as d). 
In reduced gravity tests, the tailing effect does not occur during the test (shown in 
Figure 54 labelled 1A) and therefore there are much fewer of these large particles 
produced under this condition. 
5.3.3 Formation Mechanisms in Normal Gravity 
Inside the melt (shown in Figure 54 labelled 2A), there is liquid metal (aluminium) 
and liquid oxide (aluminium oxide/oxides), separated by the main reaction zone – 
thus, by definition it is a heterogeneous reaction. The liquid oxide may be 
stoichiometric or non-stoichiometric, and with or without excess oxygen.  
Within the melt, boiling of the liquid metal produces gas-filled cavities (noted as 
“voids” in Figure 54) of metal vapour and dissociation of the liquid oxide produces 
gas-filled cavities of dissociation products (oxygen gas, metal vapour, 
stoichiometric/non-stoichiometric oxides). These gas-filled cavities can grow and 
coalesce forming larger cavities. When the cavities reach the surface of the melt, 
they erupt, releasing the gas in the cavity and carrying/ejecting some of the liquid 
oxide as particles (shown in Figure 54 labelled 2A). This is the primary formation 
mechanism for particles with diameters between 10 and 400 µm (shown in Figure 
54 labelled in 2A and 3 as b and c). 
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The ongoing surface reaction between oxygen gas and liquid oxide allows oxygen to 
be transported to the liquid metal. The dissociation of the liquid oxide produces 
oxygen gas and metal vapour, which react (recombine) to form very small liquid 
oxide particles, grow/coalesce and solidify. This is the primary formation 
mechanism for the very small particles (diameters less than 10 µm; shown in 
Figure 54 labelled in 2A and 3 as a). Some of the very small particles are formed in 
a similar way by metal vapour, released when voids reach the surface of the melt, 
reacting with oxygen gas that is present. 
The formation mechanisms described above result in the lognormal particle size 
distributions discussed in ‎4.1.1 and ‎5.1.1 and shown in Figure 29 and Figure 30. 
For different metals, fewer (or more) gas-filled voids may form in the melt and as a 
direct result, much fewer (or more) particles greater than 10 µm in diameter will 
form. This was observed for iron and stainless steel, and titanium (see 
sections ‎3.3.2, ‎3.3.4 and ‎4.2.1 respectively). Additionally, lower (or increased) 
dissociation rates and/or lower (or increased) temperatures achieved during the 
burning of other metals will directly result in fewer (or more) particles with 
diameters less than 10 µm. 
Effect of Increased Pressure 
Less boiling may occur in the liquid metal under higher pressure and fewer/smaller 
gas-filled cavities are created by dissociation in the liquid oxide (discussed in 
section ‎5.1.3). This decreases the amount of particles formed with diameters 
between 10 and 400 µm as their formation depends on mechanisms based on (gas-
filled) cavity size and number of these cavities reaching the surface. 
The increased temperature of the melt in increased pressure enhances dissociation 
rates and recombination rates, greatly increasing the formation of very small 
particles (diameters less than 10 µm; shown in Figure 54 labelled 2B). Additionally, 
more oxygen gas at the surface of the melt, solely due to increased oxygen 
pressure, further increases rate of surface absorption and recombination reactions. 
This is further discussed in section ‎5.1.3. 
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Effect of Reduced Gravity 
The reduction in buoyancy induced circulation reduces the mass transfer (resulting 
in less reaction) in the melt in reduced gravity. Additionally, the molten mass is 
much larger in reduced gravity, further lowering the chance of voids reaching the 
surface. This decreases the amount of particles formed with diameters between 10 
and 400 µm since their formation depends on mechanisms based on the ejection of 
liquid oxide (shown in Figure 53 labelled 2C). This is further discussed in 
section ‎5.1.2. 
Similar to the effect of increased pressure, the increased temperature of the melt in 
reduced gravity enhances dissociation rates, increasing the formation of very small 
particles (diameters less than 10 µm; shown in Figure 54 labelled 2C).  
5.3.4 Hollow Particle Formation Process 
The formation mechanism for the range of sizes of liquid oxide particles is described 
above. These particles were, in general, found to be hollow. The formation 
mechanism of a hollow particle from a liquid oxide particle is as follows: 
1. The process starts with a liquid non-stoichiometric oxide particle 
(with or without excess oxygen). 
2. After initial heat loss to the environment, solidification begins on 
the particle surface, forming an outer shell that progressively 
grows and solidifies. 
3. Oxygen (dissolved or bound) is present during cooling of melt and 
begins to come out of solution and/or lower oxides produced. 
4. Oxygen coalesces to form a large gas-filled cavity. Additional 
smaller gas-filled cavities may be present in the particle shell. 
5. Complete solidification (cooling) of particle, where types formed 
depend on initial pressure or formation mechanism. 
The observed particles were categorised by surface structure (shown and discussed 
in sections ‎4.1.2 and ‎5.1.1). Very small particles (diameters less than 10 µm) had a 
smooth featureless surfaces and may or may not be hollow. Particles with a 
dendritic outer surface had a large void and typically had diameters between 10 to 
100 µm. Particles with a non-dendritic outer surface had a small void and typically 
had diameters between 100 to 400 µm. Very large particles, produced by the tailing 
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effect, had large voids and non-dendritic outer surfaces (shown in Figure 54 labelled 
3).  
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Figure 54 – Summary of particle formation mechanisms for burning aluminium rods in oxygen. 
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Chapter 6: Conclusions 
Chapter 6 summarises the work conducted in this investigation into the combustion 
products of aluminium and titanium rods in normal and reduced gravity. Section 6.1 
outlines the findings from the analysis of samples collected from the aluminium 
tests. Section 6.2 does the same for the titanium tests. Finally, Section 6.3 
summarises general trends. 
6.1 ALUMINIUM 
The burning of bulk aluminium rods in high pressure oxygen resulted in white 
hollow spheres of aluminium oxide. The size distribution of particles analysed 
ranged over three orders of magnitude, from approximately 1 µm to 1000 µm and 
strongly correlated to a lognormal distribution. The effect of pressure and gravity 
level on the particle size distribution was significant, where the particle size 
distribution was broader with a higher mean in lower pressure and/or normal 
gravity conditions. The effects of pressure and gravity level on particle morphology 
were very weak, where an individual particle's size was observed to be the 
dominant factor. This means that the fundamental mechanisms for the formation of 
particle morphologies for this experimental configuration are the same regardless 
of gravity level or pressure; rather, the cooling behaviour of the individual particle 
dictates the resulting particle morphology. Outer surfaces of particles: greater than 
100 µm had mostly non-dendritic surfaces; between 10 and 100 µm typically had 
dendritic surfaces; and smaller than 10 µm had smooth featureless surfaces. Inner 
surfaces of particles tended to have various dendritic structures. Dendritic 
structures had a 90° angle between primary and secondary arms. 
The hollow spheres were formed primarily by the release of oxygen as a high-
oxygen content liquid state changes to a low-oxygen content liquid state during 
cooling. Other lesser factors included: shrinkage during cooling, oxygen solubility of 
liquid aluminium and liquid aluminium oxide, and other forms of excess oxygen, 
which release gaseous oxygen during cooling and solidification. 
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The formation process for hollow particles was hypothesised: 
1. The process starts with a liquid non-stoichiometric oxide particle 
(with or without excess oxygen). 
2. After initial heat loss to the environment, solidification begins on the 
particle surface, forming an outer shell that progressively grows and 
solidifies. 
3. Oxygen (dissolved or bound) is present during cooling of melt and 
begins to come out of solution and/or lower oxides produced. 
4. Oxygen coalesces to form a large gas-filled cavity. Additional smaller 
gas-filled cavities may be present in the particle shell. 
5. Complete solidification (cooling) of particle, where types formed 
depend on initial pressure or formation mechanism. 
The formation mechanisms were summarised graphically in Figure 54. 
6.2 TITANIUM 
The burning of bulk titanium rods in high pressure oxygen resulted in small particles 
that appeared as a dark grey powder. The size distribution of particles analysed 
ranged over two orders of magnitude from approximately 0.5 µm to 400 µm and 
strongly correlated to a lognormal distribution. The effects of pressure and gravity 
level were very similar to those observed for aluminium; however, there was much 
less particle mass produced and the particles were typically much smaller in 
titanium tests compared to aluminium tests. A range of morphologies were 
observed for particles analysed from titanium tests, generally: particles greater than 
100 µm had a mix of low-ordered dendritic and granular outer surface structures; 
particles between 10 and 100 µm had dendritic or cellular outer surface structures; 
and particles smaller than 10 µm had smooth featureless surfaces. Like particles 
analysed in aluminium tests, primary and secondary dendrite arms had a 90° angle 
between them. 
It was hypothesised that a high-oxygen content solution was formed to explain 
observations of hollow particles with dendritic inner surfaces similar to those seen 
in aluminium tests. Cracks and holes were observed in the surfaces of particles with 
diameters greater than 20 µm as a result of released gases breaching a solidified or 
partially solidified surface, respectively. 
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The formation process for particles was hypothesised: 
1. The process starts with a liquid non-stoichiometric oxide particle 
(with or without excess oxygen). 
2. After initial heat loss to the environment, solidification begins on the 
particle surface, forming an outer shell that progressively grows and 
solidifies. 
3. Oxygen (dissolved or bound) is present during cooling of melt and 
begins to come out of solution and/or lower oxides produced. 
4. Oxygen coalesces to form a large gas-filled cavity. Additional smaller 
gas-filled cavities may be present in the particle shell. 
5. Cracks form on surface due to shrinkage and release of pressure 
build-up inside particle. 
6. Complete solidification (cooling) of particle, where types formed 
depend on initial pressure or formation mechanism. 
The similarity of the results of titanium and aluminium tests suggest that the 
particle formation mechanisms were similar and the summary of formation 
mechanisms for burning aluminium rods in oxygen (Figure 54) could be adapted for 
titanium rods. 
6.3 GENERAL 
It was found that the effect of pressure on the particle size distributions was 
significant and requires more data points in order to flesh out a usable relationship. 
As an extension of the work discussed, burning aluminium and titanium at pressures 
greater than 800 psi is expected produce almost exclusively very small particles 
(smaller than 10 µm diameter), which may limit the accuracy of any correlation 
made between pressure and particle size distribution. 
The morphology of a particle produced by burning bulk metal rods in this 
configuration was found to be mostly dependent on the size of the individual 
particle, so sorting by particle size will also sort by morphology to a large degree. 
Sorting particles by morphology to obtain only hollow unbroken particles or very 
small particles, may be viable marketable products if yields can be greatly increased. 
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Chapter 7: Future Work 
The future outcomes of this research is mapped below in Figure 55, which shows 
how work presented in this thesis for specific materials can be extended to more 
focused goals. Additionally, applying the qualitative outcomes of this research to 
the failure of components in oxygen enriched environments is another path to 
explore. The topics in Figure 55 are discussed in this chapter. 
 
Figure 55 – Map of future work.  
Particle Crystal Structure and Stoichiometry 
Investigating the particle crystal structure and stoichiometry for aluminium, 
titanium and any other metals to be tested will refine our understanding of how 
particles form under the experimental conditions used in this research and give 
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much needed insight into the chemistry and physics of the burning reaction. The 
use of XRD, XPS, Ramen spectroscopy and DSC, can be used to investigate the 
crystal phases in particles in order to reveal what local conditions are required to 
form certain morphologies or crystal structures. 
The dominant dependence of morphology on particle size may be further 
investigated to refine the formation mechanisms which further distinguish between 
the mechanisms behind particles with dendritic and non-dendritic outer surfaces. 
TEM can also be used to investigate the structure and surface of the very small 
particles which could not be resolved using SEM. 
Increasing Product Yield 
Controlling parameters for producing higher yields of particles from similar 
experiments would be very useful for any use of the product particles. The first 
parameter to test would be rod diameter. A smaller diameter would burn quicker 
and most likely lead to lower average residence time for particles. The rod could 
also be curled into a helical structure, rather than a straight rod. Different alloys of 
aluminium could be tested to see if any improvements are possible, even if only the 
material cost is reduced. 
The Sintering of Collected Spheres from Aluminium Tests 
New materials with highly desirable properties may be achievable by sintering 
hollow particles of aluminium oxide produced during the experiment. Hollow 
alumina silicate spheres, known as cenospheres (a by-product of fly-ash), are 
already used in many applications.  
It is expected that this sintered material would have the following properties: low 
thermal and electrical conductivity, light weight, high compressive strength. Prior to 
sintering, the particles can be coated with other materials for other specific 
properties. The hollow cavity may be used to store other material, such as hydrogen 
fuel or medicines,  
The collected particles from the titanium tests may not be as useful since there are 
so few compared to the aluminium tests. 
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Sponge-Like Morphology for Titanium Tests 
The sponge-like particle morphology was unusually abundant in one test and 
appears to be very dependent on testing conditions. The hypothesis that a high-
oxygen content liquid state formed during the experiments on titanium could be 
further explored. 
Testing More Materials 
More materials can be tested in this way to investigate the differences between 
different metals. The comparison of small particles formed by the recombination of 
dissociated oxides for different metals may allow modelling and prediction of 
particle formation from dissociation data of metal oxides. 
Application to Failure of Real System Components 
The failure of components in pressurised oxygen environments (due to ignition and 
subsequent burning) produces particles which are described in this work. Extending 
the formation mechanisms proposed to such experiments may result in the 
development of a new forensic tool for metal fire events. Specifically, the 
relationship between pressure and particle size distribution is of notable 
importance because particles produced from the burning (failure) of components 
are typically able to be collected during investigation. 
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Appendix A: Standard Operating 
Procedures 
SOP 1.1: CONDUCT OF PROMOTED IGNITION OF MATERIALS TEST 
Description: 
Procedure to prepare and ignite a sample, then collect the products for analysis. 
This procedure is for conducting both normal and reduced gravity testing, where 
additional instructions for reduced gravity testing are referred. 
Notes: 
A minimum of two persons are required to be at the QUT Drop Tower Facility to 
conduct a materials ignition test for safety reasons. 
Procedure: 
This experimental procedure is the same for both normal and reduced gravity 
testing. 
Pre-test: 
NOTE: If conducting a drop test, refer to the following parts of section 1.6 (Drop 
Experiment – Operator only) in the “QUT-Carseldine Drop Tower Facility Standard 
Operating Procedures”: drop test starting conditions must be completed and steps 1 
to 19 are to be conducted before commencing this Pre-test procedure. 
1. Prepare the internal fittings of the test chamber.  
2. Place the copper base plate inside the chamber around the electrical feed-
throughs. 
3. Place the metal gasket on the base of the test chamber.  
4. Ensure the copper terminals are placed on the feed-throughs, such that the 
set-up is the same as shown in Figure 56. 
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Figure 56 - Internal chamber fittings. 
5. Mount the test sample in the sample chamber as per SOP 1.2 (Preparation 
of Metal Samples for Promoted Ignition Testing). 
6. Close the test chamber as shown in Figure 57 using the instructions below; 
a) Place the metal gasket on the bottom half of the chamber as seen in 
Figure 56 - Internal chamber fittings Figure 56. 
b) Place the chamber top onto the bottom half of the chamber. 
c) Seal the chamber join by placing the Grayloc® connectors around 
the two pieces. 
d) Tighten the chamber seal bolts. A minimum of 60Nm of torque is 
suggested to ensure minimal leakage when the chamber is 
pressurised. 
 
Figure 57 - Closed combustion chamber. 
7. Connect the supply panel (shown in Figure 58) to the combustion system 
panel (shown in Figure 59). If an oxygen cylinder is not already connected, 
Electrical Feed-throughs 
Metal Seal Gasket 
Chamber Bottom 
Copper Base Plate 
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attach an oxygen cylinder as per SOP 1.4 (Oxygen Cylinder Change 
Procedure). If an oxygen cylinder is connected, process with the next step. 
NOTE: Ensure the supply panel is kept free from debris. The flex hose line caps 
should be carefully kept away from dirt, grease and other contaminants when not in 
use. 
 
Figure 58 - Supply panel. 
 
Figure 59 - Combustion system panel. 
8. Purge and fill the test chamber in accordance with SOP 1.3 (Purging and 
Filling of Test Chamber with Oxygen) to the desired test pressure. NOTE: the 
maximum allowable working pressure (MAWP) can be altered up to a 
maximum of 4000 psia dependent on the relief valve setting. 
 132 Appendix A: Standard Operating Procedures 
9. Disconnect the supply panel from the combustion system panel. Ensure the 
supply panel is returned to the ‘initial’ configuration by closing all valves and 
reducing fully all regulators. 
10. Prepare data recording systems using the instructions below: 
a) Turn ON the RDAS data acquisition system, but do not press the 
‘record data’ button. 
b) Switch the 5 volt regulator switch to ON. 
c) Switch the data acquisition (DAQ) ignition switch to ON. 
d) Place the main battery switch to “1: ON”. 
e) Turn the camera ON. Suggested camera settings are zoom 53mm, 
focus 30cm, shutter speed 1/4000s and 2 x ND8 and 1 x ND4 filters. 
This may vary depending on the camera used, location and specimen 
material. See Figure 60 for identification of switches. 
 
     
    
 
 
 
 
 
 
 
 
RDAS – Record Data 
RDAS – ON/OFF 
IGNITION DAQ – 
ON/OFF 
5V REGULATOR – ON/OFF 
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Figure 60 - Position of DAQ and battery switches. 
Test: 
NOTE: At this point, if conducting a drop test, the operator should conduct steps 20 
to 38 in section 1.6 of the Drop Tower Facility SOPs (these instructions are to be 
done at the top of the tower with the safety cables still attached to the drag shield). 
11. Initiate the data recording system using the following instructions; 
a) Trigger the RDAS system to begin recording data. 
b) Switch the camera to RECORD. 
c) Turn the ignition safety switch to ON. 
d) If performing a drop test, close the drag shield. 
12. Initiate the test using the following instructions; 
a) If performing a drop test, press the ignition switch then cut the drop 
wire 0.2 seconds later. 
b) If not performing a drop test, press the ignition switch to ignite the 
sample. 
NOTE: At this point, if conducting a drop test, the operator should conduct steps 39 
to 53 in section 1.6 of the Drop Tower Facility SOPs. 
13. To stop data recording and deactivate the ignition systems; 
a) Turn OFF the main battery, the 5V regulator, the data acquisition 
switch, the ignition safety switch and the RDAS. 
b) Press STOP on the camera to cease recording. 
14. Very slightly open the valve designated MV6 (shown in Figure 61 on the 
combustion system panel) to vent the oxygen system. Ideally, the hiss of gas 
venting should be almost inaudible and the entire venting should take 
around 15 minutes to ensure particles produced are allowed to settle. 
 
BATTERY 
MAIN 
SWTICH 
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Figure 61 - Microgravity combustion panel showing MV6. 
Post-test: 
15. Check that the system is safe to open by following the instructions below; 
a) Check that the capacitor ignition system has fully discharged by 
ensuring the two LEDs on the outer casing of the system are OFF, 
shown in Figure 62 below. If the LEDs are still lit, wait until they have 
lost all illumination. 
b) Check that the system has been vented by ensuring the pressure 
gauge on the combustion system panel reads approximately 
atmospheric pressure. If the gauge does not read approximately 
atmospheric pressure, repeat step 11 until this is satisfied. 
NOTE: Even if the LEDs are off, the capacitors may still hold some charge. Always 
exercise caution when dealing with charged capacitors, and if you are unsure of the 
state of the capacitors/ignition system, do not open the combustion chamber. 
  
Figure 62: Experimental platform picture showing capacitor charge indicator LEDs. 
MV6 
Position of LEDs 
indicating capacitor 
status. 
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16. Loosen and remove the Grayloc® chamber seal bolts, and open the test 
chamber. Handle the internal chamber fittings with care as some may still be 
very hot. 
17. Collect the sample and perform necessary measurements by following the 
instructions below; 
a) Put acetone in a lab wash bottle. 
b) Put two powder-free gloves on. 
c) Place a Pyrex jug (or container with open top) on a table to catch the 
acetone wash 
d) Hold the copper sleeve near the top with one hand while washing it 
down with the acetone wash bottle in the other hand into the Pyrex 
jug. 
e) Repeat d) for the copper cup and the sample holder. 
f) Carefully pour the acetone wash into glass sample vials. It should 
take two (2) to five (5) glass sample vials in total. 
18. Download pressure, gravity and other data acquired from the RDAS system 
by connecting USB-RS232 cable from the laptop computer to the data 
acquisition system port. 
Hazards: 
Over pressurisation of chamber/loading system. 
Ignition of contaminants present in system. 
Personal Protective Equipment Required: 
Eye protection 
Enclosed shoes 
Prepared By: Owen Plagens 
Signed: Date: 24JUL14 
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SOP 1.2: PREPARATION OF METAL SAMPLES FOR PROMOTED IGNITION TESTING 
Description:  
Procedure to prepare a metal rod sample. 
Notes: 
None. 
Procedure: 
See Figure 63 and corresponding instructions below. 
 
   
Figure 63 - Experimental set-up of internal fittings. 
1. Place the top of the sample in the sample clamp. 
2. Wrap the igniter wire around the notch in the base of the sample. 
3. Ensure the distance from the top of the igniter wire to the base of the 
sample clamp is greater than 30mm. 
4. Place the sample into the sample holder around the sample clamp. Tighten 
the sample holder screws to firmly hold the sample. 
5. Place a modified banana plug into each of the copper terminals. 
6. Attach both ends of the igniter wire to each of the modified banana plugs 
using the banana plug screws. 
7. Check the electrical connections to ensure that; 
a) There is a good connection across the ignition terminals (through the 
igniter wire). 
Metal Gasket 
Test Sample 
Banana Plugs 
Pyrofuze® Igniter Wire 
Sample Holder 
Test Chamber 
Electrical Feed-throughs 
Sample Clamp 
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b) There is no connection between the test sample and the test 
chamber. 
Hazards: 
None. 
Personal Protective Equipment Required: 
None. 
Prepared By: Owen Plagens 
Signed: Date: 24JUL14 
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SOP 1.3: PURGING AND FILLING OF TEST CHAMBER WITH OXYGEN (O2) 
Description: 
Procedure to firstly purge the test chamber, then pressurise the test chamber. 
Notes: 
See attached piping and instrumentation diagram (P&ID) for location and 
description of valves. 
A minimum of two persons are required to be at the QUT Drop Tower Facility to 
conduct a materials ignition test for safety reasons. 
Procedure: 
1. Ensure the supply panel and the combustion system panel is in the ‘initial’ 
configuration shown in Figure 64 and Figure 65, with CV2, MV2, MV4, MV5 
and MV6 valves closed, and all regulators (Reg2 and PRV1) fully reduced. A 
valve is closed when its handle is perpendicular to the line/tubing on the 
panel. 
2. Ensure the panel is correctly attached to the test chamber. 
3. Open check valve (MV5) on the combustion system panel. 
4. Select Position 1 on MV3 to fill with oxygen. 
5. Open bottle valve (CV2) as shown in Figure 66. 
 
Figure 64 - Supply panel in initial configuration. 
MV2 
PRV1 
MV1 MV4 
MV3 
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Figure 65: Combustion system panel in initial configuration. 
 
6. Slowly open (turn clockwise) bottle regulator (Reg. 2) to the larger of 400 
psia or 110% of the desired test pressure. This results in the supply of 
oxygen up to PRV1 and the reading on PG2 should be the chosen pressure. 
7. Slowly open (turn clockwise) PVR1 to 400 psia. This results in the supply of 
oxygen to the chamber and remaining tubing. PG3 should read the chosen 
pressure. 
8. Close MV5. 
9. Open MV6 to evacuate the test chamber. 
10. Close MV6. 
MV5 
MV6 
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Figure 66: Cylinder with regulator attached. 
11. Open MV5 to re-pressurise the chamber. 
12. Repeat steps 8 to 11 to continue purging the chamber to the desired level as 
per ASTM G124 Purge equation. A recommended minimum of three purges 
at 400 psia should be conducted. 
13. Slowly open MV5 to bring chamber to desired test pressure, and then close 
MV5. If the test pressure is exceeded, open MV6 until the chamber pressure 
falls to the desired test pressure. Use the chamber pressure transducer 
readings as accurate pressure measurements rather than the pressure gauge 
PG4. 
14. Close MV5. 
15. Fully reduce (turn counter-clockwise) PRV1. 
16. Open MV4 to empty the supply panel. 
17. Close bottle valve (CV2). 
18. Fully reduce (turn counter-clockwise) Reg. 2. 
19. If conducting a reduced gravity test, disconnect the supply panel from the 
combustion system panel. 
20. Open MV2 to vent the remainder of the supply panel. 
NOTE: at this point, the chamber has been purged and filled. Proceed with SOP 1.1. 
Steps 21 to 24 described below are integrated into SOP1.1. 
21. Perform test 
22. Open MV6 to vent combustion chamber. 
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23. Close MV6. 
24. Ensure that all valves are closed and regulators fully reduced. 
Hazards: 
Over pressurisation of chamber/loading system. 
Ignition of contaminants present in system. 
Personal Protective Equipment Required: 
Enclosed shoes 
Eye protection 
Prepared By: Owen Plagens 
Signed: Date: 24JUL14 
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SOP 1.4: OXYGEN CYLINDER CHANGE PROCEDURE 
Description: 
Procedure to replace oxygen cylinder with a new cylinder. 
Notes: 
See attached piping and instrumentation diagram (P&ID) for location and 
description of valves. 
A minimum of two persons are required to be at the QUT Drop Tower Facility to 
conduct a materials ignition test for safety reasons. 
Procedure: 
1. Ensure the entire system (consisting of the supply panel, combustion system 
panel, test chamber, and between bottle valve and regulator) is empty from 
pressurised gas using the following instructions (refer to Figure 64, Figure 
65, Figure 66 and Figure 67): 
a) Close MV5 and CV2 
b) Fully reduce PRV1. 
c) Open MV6 to vent test chamber. 
d) Open MV4. 
e) Open MV2. 
2. Remove Reg 2 from the oxygen cylinder 
3. Swap the oxygen cylinders. Ensure that the new cylinder is securely fastened 
into the cylinder stand before operating. 
4. Attach Reg 2 to the new cylinder. 
NOTE: When opening the new gas cylinder, make sure that the person opening the 
cylinder is positioned such that if the regulator valve or regulator pressure gauges 
were to fail, the person would not be injured. 
Hazards: 
Over pressurisation of regulator/leak of new connection. 
Ignition of contaminants present in the system. 
Personal Protective Equipment Required: 
Enclosed shoes 
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Eye protection 
Prepared By: Owen Plagens 
Signed: Date: 24JUL14 
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PIPING AND INSTRUMENTATION DIAGRAM: 
 
Figure 67 – Piping and instrumentation diagram. 
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Appendix B: Full Experimental Results 
This appendix is only for analysis of samples collected – both large and small 
particles. Selected graphs were shown in the Results section. All graphs were 
limited to an appropriate x-axis value but the y-axis was not limited to allow the 
shape of the graph to be preserved. 
NOTE: Analysis using an optical microscope will have a large number of particles 
counted since the entire sample was imaged and counted. For SEM, only a 
representative sample was used such that the number of particles counted was 
relatively low. Also, the level of zoom for optical microscopy was unable to 
accurately resolve particle with diameters smaller than 200 µm for measuring and 
counting. 
Table 9 - Particle size distributions shown in this chapter. 
 
Test Number 
Aluminium Titanium 
Large Small Large Small 
1 Yes No Yes Yes 
2 Yes No Yes Yes 
3 Yes Yes Yes Yes 
4 Yes No Yes Yes 
5 Yes Yes Yes Yes 
6 Yes Yes Yes Yes 
7 Yes No Yes No 
8 Yes Yes Yes Yes 
9 Yes Yes No No 
10 Yes Yes No No 
11 Yes Yes Yes Yes 
12 No Yes Yes Yes 
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Figure 68 - Particle size distribution for large particles in test "Al-NG-1". The sample 
was imaged using an optical microscope. 
 
Figure 69 - Particle size distribution for large particles in test "Al-NG-2". The sample 
was imaged using an optical microscope. 
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Figure 70 - Particle size distribution for large particles in test "Al-NG-3". The sample 
was imaged using SEM. 
 
Figure 71 - Particle size distribution for small particles in test "Al-NG-3". The sample 
was imaged using SEM. 
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Figure 72 - Particle size distribution for large particles in test "Al-NG-4". The sample 
was imaged using an optical microscope. 
 
Figure 73 - Particle size distribution for large particles in test "Al-NG-5". The sample 
was imaged using SEM. 
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Figure 74 - Particle size distribution for small particles in test "Al-NG-5". The sample 
was imaged using SEM. 
 
Figure 75 - Particle size distribution for large particles in test "Al-NG-6". The sample 
was imaged using SEM. 
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Figure 76 - Particle size distribution for small particles in test "Al-NG-6". The sample 
was imaged using SEM. 
 
Figure 77 - Particle size distribution for large particles in test "Al-RG-7". The sample 
was imaged using SEM. 
  
Appendix B: Full Experimental Results 151 
 
Figure 78 - Particle size distribution for large particles in test "Al-RG-8". The sample 
was imaged using SEM. 
 
Figure 79 - Particle size distribution for small particles in test "Al-RG-8". The sample 
was imaged using SEM. 
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Figure 80 - Particle size distribution for large particles in test "Al-RG-9". The sample 
was imaged using SEM. 
 
Figure 81 - Particle size distribution for small particles in test "Al-RG-9". The sample 
was imaged using SEM. 
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Figure 82 - Particle size distribution for large particles in test "Al-RG-10". The sample 
was imaged using SEM. 
 
Figure 83 - Particle size distribution for small particles in test "Al-RG-10". The sample 
was imaged using SEM. 
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Figure 84 - Particle size distribution for large particles in test "Al-RG-11". The sample 
was imaged using SEM. 
 
Figure 85 - Particle size distribution for small particles in test "Al-RG-11". The sample 
was imaged using SEM. 
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Figure 86 - Particle size distribution for small particles in test "Al-RG-12". The sample 
was imaged using SEM. 
 
Figure 87 - Particle size distribution for large particles in test "Ti-NG-1". The sample 
was imaged using SEM. 
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Figure 88 - Particle size distribution for small particles in test "Ti-NG-1". The sample 
was imaged using SEM. 
 
Figure 89 - Particle size distribution for large particles in test "Ti-NG-2". The sample 
was imaged using SEM. 
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Figure 90 - Particle size distribution for small particles in test "Ti-NG-2". The sample 
was imaged using SEM. 
 
Figure 91 - Particle size distribution for large particles in test "Ti-NG-3". The sample 
was imaged using SEM. 
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Figure 92 - Particle size distribution for small particles in test "Ti-NG-3". The sample 
was imaged using SEM. 
 
Figure 93 - Particle size distribution for large particles in test "Ti-NG-4". The sample 
was imaged using SEM. 
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Figure 94 - Particle size distribution for small particles in test "Ti-NG-4". The sample 
was imaged using SEM. 
 
Figure 95 - Particle size distribution for large particles in test "Ti-NG-5". The sample 
was imaged using SEM. 
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Figure 96 - Particle size distribution for small particles in test "Ti-NG-5". The sample 
was imaged using SEM. 
 
Figure 97 - Particle size distribution for large particles in test "Ti-NG-6". The sample 
was imaged using SEM. 
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Figure 98 - Particle size distribution for small particles in test "Ti-NG-6". The sample 
was imaged using SEM. 
 
Figure 99 - Particle size distribution for large particles in test "Ti-RG-7". The sample 
was imaged using SEM. 
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Figure 100 - Particle size distribution for large particles in test "Ti-RG-8". The sample 
was imaged using SEM. 
 
Figure 101 - Particle size distribution for small particles in test "Ti-RG-8". The sample 
was imaged using SEM. 
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Figure 102 - Particle size distribution for large particles in test "Ti-RG-11". The 
sample was imaged using SEM. 
 
Figure 103 - Particle size distribution for small particles in test "Ti-RG-11". The 
sample was imaged using SEM. 
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Figure 104 - Particle size distribution for large particles in test "Ti-RG-12". The 
sample was imaged using SEM. 
 
Figure 105 - Particle size distribution for small particles in test "Ti-RG-12". The 
sample was imaged using SEM. 
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Appendix C: Full Testing Log 
NOTES: Test “RG-Ti-10” was not completed. 
  Highlighted entries were shown in the results section. The columns “Linit” and “Lfinal” are initial and final lengths of the rods. 
Table 10 – Full testing log. 
Date Test Name Material 
Gravity 
Level 
Linit 
(mm) 
Lfinal 
(mm) Pressure Reason Notes 
18/05/2011 Test 1 Al (pretesting) Al 1-g 101.3 0 310 psi Pretesting - 
18/05/2011 Test 2 Al (pretesting) Al 1-g 101 0 370 psi Pretesting - 
10/08/2011 Test 3 Al (pretesting) Al 1-g 101.4 0 550 psi Pretesting - 
17/08/2011 Test 2 SS316 SS 316 0-g 60.5 18.1 350 psi Pretesting (Flammability testing) - 
21/09/2011 Test 1 SS316 SS 316 0-g 55.5 22.4 300 psi Pretesting (Flammability testing) - 
21/09/2011 Test 1 Inconel 718 
Inconel 
718 0-g 48.5 0 200 psi Pretesting (Flammability testing) Testing continued at 100psi 
28/09/2011 Test 2 Inconel 718 
Inconel 
718 0-g 53.4 
not 
measured 100 psi Pretesting (Flammability testing) did not ignite; melted Pyrofuze® still attached; use more Pyrofuze® 10 rounds 
28/09/2011 Test 3 Inconel 718 
Inconel 
718 0-g 51.4 45.2 100 psi Pretesting (Flammability testing) was successful but whole rig destroyed 
7/12/2011 Test 1 Fe Fe 1-g 100.7 0 1000 psi Pretesting copper cup coated with very thin dark silver layer 
7/12/2011 Test 2 Fe Fe 1-g 94.9 0 1000 psi Pretesting Some rust on sample, used sandpaper to remove 
7/12/2011 Test 3 Fe Fe 1-g 101.3 0 1000 psi Pretesting - 
1/12/2011 Test 1 SS316 SS 316 1-g 106.8 84.6 680 psi Pretesting Did not burn; some sample collected in vial 
1/12/2011 Test 2 SS316 SS 316 1-g 96.6 0 1010 psi Pretesting 
coated copper sample holder in shiny gold coloured film; coated copper cup with shiny 
black film 
1/12/2011 Test 3 SS316 SS 316 1-g 92.4 0 970 psi Pretesting coated copper cup in shiny black film 
1/12/2011 Test 4 SS316 SS 316 1-g 94.3 70.9 970 psi Pretesting did not get pressure data; did not burn 
1/12/2011 Test 5 SS316 SS 316 1-g 92 0 1000 psi Pretesting black shiny coating on copper cup 
1/12/2011 Test 6 SS316 SS 316 1-g 93.7 34.7 970 psi Pretesting did not get pressure data 
14/09/2012 Test 1 SS316 nasa SS 316 1-g 101.8 100.6 450 psi  NASA/ASTM comparative study - 
14/09/2012 Test 1 SS304 nasa SS 304 1-g 102.3 27.4 500 psi NASA/ASTM comparative study - 
12/11/2012 Test 1 Al (pretesting) Al 1-g 94.8 0 1050 psi Pretesting 
relief valve went off for a fraction of a second; lots of sample; copper slag cup slightly 
melted on one side 
13/11/2012 Test 3 Al (pretesting) Al 1-g 94.1 94.1 150 psi Pretesting Did not ignite 
13/11/2012 Al-NG-2 Al 1-g 93.8 0 200 psi 
Effects of pressure on size distribution 
and morphology - 
13/11/2012 Test 1 SS316 SS 316 1-g 101.3 0 800 psi Pretesting - 
15/11/2012 Test 2 SS316 SS 316 1-g 99.5 65.3 600 psi Pretesting Not complete burn; Did not collect combustion products. 
15/11/2012 Test 3 SS316 SS 316 1-g 94.4 0 1150 psi Pretesting - 
15/11/2012 Test 1 Al (pretesting) Al 1-g 90.3 0 400 psi Pretesting - 
19/11/2012 Al-NG-1 Al 1-g 89.5 0 200 psi 
Effects of pressure on size distribution 
and morphology - 
 166 Appendix C: Full Testing Log 
19/11/2012 Al-NG-4 Al 1-g 89.5 0 800 psi 
Effects of pressure on size distribution 
and morphology - 
19/11/2012 DSC Al (pretesting) Al 1-g 88.5 20 200 psi For DSC use Did not fully burn 
19/11/2012 Al-NG-3 Al 1-g 101.1 0 200 psi 
Effects of pressure on size distribution 
and morphology - 
29/03/13 Ti-NG-1 Ti 1-g 98.4 0 200 psi 
Effects of pressure on size distribution 
and morphology - 
29/03/13 Test 2 Ti (pretesting) Ti 1-g 100.2 0 400 psi 
Effects of pressure on size distribution 
and morphology - 
29/03/13 Ti-NG-4 Ti 1-g 102.1 0 800 psi 
Effects of pressure on size distribution 
and morphology - 
01/11/13 DSC Al 1/3 Al 1-g 99.8 0 200 psi For DSC use Collected sample combined into one vial and given to Martin. 
01/11/13 DSC Al 2/3 Al 1-g 101.3 0 200 psi For DSC use - 
01/11/13 DSC Al 3/3 Al 1-g 99.8 
not 
measured 200 psi For DSC use 
Did not fully burn; Sample was not collected; possibly due to fault with wrapping of 
Pyrofuze® 
14/11/13 Test 2 SS316 nasa SS316 1-g 101.54 101.23 450 psi NASA/ASTM comparative study Did not ignite 
14/11/13 Test 3 SS316 nasa SS316 1-g 102.25 102.05 450 psi NASA/ASTM comparative study Did not ignite 
14/11/13 Test 4 SS316 nasa SS316 1-g 101.71 97.88 450 psi NASA/ASTM comparative study Did not ignite 
14/11/13 Test 5 SS316 nasa SS316 1-g 101.59 99.72 450 psi NASA/ASTM comparative study Did not ignite 
21/08/14 RG-Al-7 Al 0-g 54.9 0 200 psi Effects of pressure and gravity Electrodes melted; test invalid. 
22/08/14 RG-Al-8 Al 0-g 52.6 0 200 psi Effects of pressure and gravity 
airbag broke; copper sheeth bonded to sample holder; only small particles sampled; not 
many bigger particles anyway; test invalid. 
1/09/2014 Ti-NG-2 Ti 1-g 101.35 0 200 psi Effects of pressure and gravity - 
1/09/2014 Ti-NG-3 Ti 1-g 101.16 0 200 psi Effects of pressure and gravity - 
18/09/2014 RG-Al-9 Al 0-g 57.06 0 200 psi Effects of pressure and gravity not 200 psi; multimeter low battery; test invalid 
18/09/2014 RG-Al-7(repeat) Al 0-g 56.13 0 200 psi Effects of pressure and gravity Cu cup and electrodes melted; no video data; no sample collected; test invalid. 
23/09/2014 RG-Al-7 (repeat 2) Al 0-g 54.58 
not 
measured 200 psi Effects of pressure and gravity dropped on 22/09/14 and 23/09/14 but did not ignite due to electrical fault 
23/09/2014 
NG-Al-Extra for ignition 
test Al 0-g 54.58 0 200 psi Testing ignition system used reduced gravity sample size (from RG-Al-7 (repeat 2)) 
26/09/2014 Al-RG-7 (repeat 3) Al 0-g 56.37 0 200 psi Effects of pressure and gravity - 
26/09/2014 Al-RG-8 (repeat) Al 0-g 54.63 0 200 psi Effects of pressure and gravity - 
26/09/2014 Al-RG-9 (repeat) Al 0-g 55.44 0 200 psi Effects of pressure and gravity dropped but did not ignite; dropped again with success. 
29/09/2014 Al-NG-5 Al 0-g 100.66 0 800 psi Effects of pressure and gravity - 
29/09/2014 Al-NG-6 Al 0-g 100.75 0 800 psi Effects of pressure and gravity - 
2/10/2014 RG-Al-10 Al 0-g 53.08 
not 
measured 800 psi Effects of pressure and gravity dropped but did not ignite 
2/10/2014 RG-Al-10 (repeat) Al 0-g 53.08 0 800 psi Effects of pressure and gravity chamber needs repair - electrode melted; test invalid 
13/10/14 RG-Ti-7 Ti 0-g 57.17 0 200 psi Effects of pressure and gravity Cu sample holder melted – must clean chamber; test invalid. 
13/10/14 RG-Ti-8 Ti 0-g 51.11 0 200 psi Effects of pressure and gravity used two Cu sample holders and one melted; test invalid. 
22/10/14 Ti-RG-9 Ti 0-g 54.4 0 200 psi Effects of pressure and gravity used alumina spacers for the first time. 
22/10/14 Ti-RG-7 (repeat) Ti 0-g 53 0 200 psi Effects of pressure and gravity - 
23/10/14 Al-RG-10 (repeat 2) Al 0-g 48.5 0 800 psi Effects of pressure and gravity - 
23/10/14 RG-Al-11 Al 0-g 56.7 
not 
measured 800 psi Effects of pressure and gravity Did not ignite 
12/11/14 Al-RG-11 (repeat) Al 0-g 56.7 0 800 psi Effects of pressure and gravity - 
  
Appendix C: Full Testing Log 167 
12/11/14 Ti-RG-8 (repeat) Ti 0-g 54.8 0 200 psi Effects of pressure and gravity - 
20/11/14 Test 2 SS316 nasa (repeat) SS316 1-g 101.07 87.15 450 psi NASA/ASTM comparative study - 
20/11/14 Test 3 SS316 nasa (repeat) SS316 1-g 98.47 52.09 450 psi NASA/ASTM comparative study - 
20/11/14 Test 4 SS316 nasa (repeat) SS316 1-g 101.38 24.5 450 psi NASA/ASTM comparative study - 
21/11/14 Test 5 SS316 nasa (repeat) SS316 1-g 101.76 97.39 450 psi NASA/ASTM comparative study - 
21/11/14 Test 2 SS304 nasa SS 304 1-g 85.59 69.28 500 psi NASA/ASTM comparative study - 
21/11/14 Test 3 SS304 nasa SS 304 1-g 100.69 0 500 psi NASA/ASTM comparative study - 
21/11/14 Test 4 SS304 nasa SS 304 1-g 101.53 18.76 500 psi NASA/ASTM comparative study - 
21/11/14 Test 5 SS304 nasa SS 304 1-g 101.71 13.2 500 psi NASA/ASTM comparative study - 
26/11/14 Al-RG-12 Al 0-g 55.04 0 800 psi Effects of pressure and gravity - 
26/11/14 Ti-RG-11 Ti 0-g 49.53 0 800 psi Effects of pressure and gravity - 
01/12/14 Ti-RG-12 Ti 0-g 50.16 0 800 psi Effects of pressure and gravity - 
01/12/14 Ti-NG-5 Ti 0-g 102.19 0 800 psi Effects of pressure and gravity - 
01/12/14 Ti-NG-6 Ti 0-g 100.55 0 800 psi Effects of pressure and gravity - 
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Appendix D: Morphologies Observed in 
Aluminium Tests to Accompany Table 6 
 
Figure 106 - Small particles with smooth and featureless outer surfaces. 
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Figure 107 - Typical particles formed in 1-g 200 psi: outer surfaces (top) and inner 
surfaces (bottom). 
 
Figure 108 - Typical particles formed in 1-g 800 psi: outer surfaces (top) and inner 
surfaces (bottom). 
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Figure 109 - Typical particles formed in 0-g 200 psi: outer surfaces (top) and inner 
surfaces (bottom). 
 
Figure 110 - Typical particles formed in 0-g 800 psi: outer surfaces (top) and inner 
surfaces (bottom). 
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Figure 111 –A very large particle with inner and outer surfaces visible. Cubic 
structures also visible. 
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Appendix E: Morphologies Observed in 
Titanium Tests to Accompany Table 7 
 
Figure 112 - Typical particles with diameters less than 10 µm. 
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Figure 113 - Relatively large particle with a cellular outer surface. 
 
Figure 114 - Relatively small particle with a cellular outer surface. 
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Figure 115 - Large particle with lower order dendritic outer surface; rounded 
dendrite arms. 
 
Figure 116 - Relatively small particle with lower order dendritic outer surface. 
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Figure 117 - Very large particle with lower order dendritic outer surface. 
 
Figure 118 - Relatively large particle with a large hole in the outer surface. 
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Figure 119 - Relatively small particle with a few holes in its outer surface. 
 
Figure 120 – Relatively large particle with a defined dendritic outer surface. 
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Figure 121 - Relatively small particle with a defined dendritic outer surface. 
 
Figure 122 – Dendritic outer surface with many cracks appearing between primary 
dendrite arms. 
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Figure 123 - lower order dendritic outer surface with many cracks. 
 
Figure 124 - Sponge-like morphology. Many have irregular shapes. Image from Test 
8 (200 psi in reduced gravity) 
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Figure 125 – Sponge-like morphology. Image from a test at 200 psi in normal 
gravity. 
 
Figure 126 - Large particle with low ordered dendritic outer surface. 
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Figure 127 – Large particle with cellular outer surface. 
 
Figure 128 – Typical very large particles. 
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Figure 129 – Typical large particles. 
 
Figure 130 – Typical large particles. Some particles with hole in their outer surfaces 
are visible. 
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Figure 131 – Inner surface of large particle with dendritic outer surface. 
 
Figure 132 – Inner structures of very large particle 
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Figure 133 – Inner surfaces of small particle with lower order dendritic outer surface. 
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Appendix F: MATLAB Scripts 
Darkener.m 
clc 
clear all 
close all 
  
% This script is for darkening an image such that the 
only white pixels 
% will be the drawn diameters of particles. 
  
fileList = {'TiNG6 003', 'TiNG6 004', 'TiNG6 005', 'TiNG6 
006', 'TiNG6 008', 'TiNG6 009', 'TiNG6 010', 'TiNG6 011', 
'TiNG6 012'}; 
  
saveFileName = {}; 
  
for jj = 1:length(fileList) 
    saveFileName{jj} = strcat('data/organised 
pictures/tingtest6/large/', fileList{jj}, 'dark.bmp'); 
end 
  
for ii = 1:length(fileList) 
    fileName = strcat('data/organised 
pictures/tingtest6/large/', fileList{ii}, '.tif'); 
    I = imread(fileName); 
%     I = I(:,:,1:3); % for conversion of 4+ channel 
images -> 3 channel (used for optical micrographs) 
    I = I - 15; 
%     imshow(I) 
    imwrite(I, saveFileName{ii}) 
end 
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Analysis of Optical Images 
clc 
clear all 
close all 
  
% procedure for automated counting: 
%   - use image stitching program to stitch images 
together 
%   - get best binary image possible in ImageJ using 
simple operations (image->adjust->threshold, make 
particles black, image->type->8-bit, clean up manually, 
process->binary->watershed, analyse->particle size) 
%   - erase parts of image that did not resolve nicely 
(i.e. large blobs of many discernible particles) 
%   - particle count 
%   - print results to text files 
% !IMPORTANT!: delete the first line of each file before 
running this script!! 
%   - put list of text files below 
  
fileList = {'slide24BW1'; 'slide24BW2'; 'slide25BW1'; 
'slide25BW2'; ... 
            'slide26bBW'; 'slide26BW'; 'slide27bBW'; 
'slide27BW'; ... 
            'slide28bBW'; 'slide28BW'; 'slide29BW1'; 
'slide29BW2'; ... 
            'slide30bBW1'; 'slide30bBW2'; 'slide30BW1'; 
'slide30BW2'; ... 
            'slide30cBW1'; 'slide30cBW2'; 'slide31BW1'; 
'slide31BW2'; ... 
            'slide32bBW1'; 'slide32bBW2'; 'slide32BW1'; 
'slide32BW2'; ... 
            'slide32cBW'; 'slide32dBW'; 'slide32eBW1'; 
'slide32eBW2'; ... 
            'slide32fBW'; 'slide32gBW1'; 'slide32gBW2'; 
'slide32hBW'; ... 
            'slide33bBW1'; 'slide33bBW2'; 'slide33BW'; 
'slide33cBW'; ... 
            'slide34bBW'; 'slide34BW'; 'slide34cBW'}; % 
delete the first line of each file before running this 
script 
scales = [1000/380, 1000/380, 1000/324, 1000/324, ... 
          1000/375, 1000/300, 1000/300, 1000/300, ...  
          1000/387, 1000/257, 1000/378, 1000/378, ... 
          1000/593, 1000/593, 1000/593, 1000/593, ... 
          1000/593, 1000/593, 1000/376, 1000/376, ... 
          1000/757, 1000/757, 1000/757, 1000/757, ... 
          1000/532, 1000/757, 1000/757, 1000/757, ... 
          1000/757, 1000/757, 1000/757, 1000/757, ... 
          1000/685, 1000/685, 1000/378, 1000/378, ... 
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data = cell(0, 9); 
%% auto count 
for ii = 1:length(fileList) 
    fileName = strcat('../../data/organised 
pictures/alngtest1/optical/', fileList{ii}, '.xls'); 
    fid = fopen(fileName); 
    A = textscan(fid, '%f%f%f%f%f%f%f%f%f'); 
    A{3} = A{3} * scales(ii); 
    data = [data; A]; 
end 
  
dataDim = size(data); 
feretDiams = []; 
  
for jj = 1:dataDim(1) 
    feretDiams = [feretDiams; data{jj,3}]; 
end 
  
scaledParticleSizes = feretDiams; 
  
% remove outliers such as measurements of indents in 
carbon tape. 
cutofflow = 30; 
smallIndicesCountErrors = find(scaledParticleSizes < 
cutofflow); 
scaledParticleSizes(smallIndicesCountErrors) = []; 
  
cutoffhigh = 1000; 
smallIndicesCountErrors = find(scaledParticleSizes > 
cutoffhigh); 
scaledParticleSizes(smallIndicesCountErrors) = []; 
  
figure(1) 
hist(scaledParticleSizes, [0:1000/40:1000]) 
counts = hist(scaledParticleSizes, [0:1000/40:1000]); 
title('Particle Size Analysis of Al Ng 200 psi Test 1 
Large Particles') 
xlabel('Particle Diameter (um)') 
ylabel('Count') 
hold 
ax1 = gca; 
set(ax1, 'Xcolor', 'k', 'YColor', 'k', 'xlim', [0 1000]) 
ax2 = axes('Position',get(ax1,'Position'),... 
           'XTick',[],'YTick', [],... 
           'Color','none',... 
           'XColor','k','YColor','k', 'xlim', [0 1000]); 
        
parameterEstimates = lognfit(scaledParticleSizes); 
  
range = 0:0.02:max(scaledParticleSizes); 
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idealDistribution = lognpdf(range, parameterEstimates(1), 
parameterEstimates(2)); 
scaledIdealDistribution = idealDistribution .* 
sum(counts) .* 1000/40; 
line(range,scaledIdealDistribution, 'Color', 'r', 
'Parent', ax2);    
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Analysis of SEM Images 
clc 
clear all 
close all 
  
% This script is used to measure the diameters of 
particles on prepared  
% images. Images are prepared by darkening them using the 
darkener.m script 
% and then the diameters of each particle in the image is 
drawn in an image  
% editing program (i.e. photoshop, paint, etc.) using a 
line tool in white 
% and one pixel thick. 
  
scaledParticleSizes = []; 
scales = 
[1000/792,1000/792,1000/792,1000/792,1000/792,1000/633]; 
%um/pixel 
fileList = 
{'al_001dark','al_002dark','al_003dark','al_004dark','al_
005dark','al_006dark'}; 
  
% Error checking counts. If these are unreasonably high, 
then the image most likely has 
% noise due to compression or images were not properly 
prepared. 
nn = zeros(1, length(fileList)); % number of single 
pixels without neighbours. These are noise and must be 
exterminated. Count for each file is saved 
pp = zeros(1, length(fileList)); % number of white pixels 
surrounded by inappropriate number of white pixels 
(should not be more than one) 
  
for fileListIndex = 1:length(fileList) 
    fileName = strcat('../../data/organised 
pictures/alrgtest10/large/', fileList{fileListIndex}, 
'.bmp'); 
    I = imread(fileName); 
    I = (I - 250) * 50; % darken image by 15 and draw in 
white for this step to work perfectly (use darkener.m 
script) 
    BW = im2bw(I); % makes drawn diameters the only white 
pixels in the image 
  
    endPoints = []; 
    whiteList = []; 
    BWdim = size(BW); 
  
    for ii = 1:BWdim(1) 
 190 Appendix F: MATLAB Scripts 
        for jj = 1:BWdim(2) 
            if BW(ii,jj) == 1 
                uniqueID = (ii - 1) * BWdim(2) + jj; 
                whiteList = [whiteList; uniqueID]; % 
produces list of white pixels 
            end 
        end 
    end 
  
  
    flagSinglePixel = 0; 
     
    while sum(whiteList) > 0 % loop finds ends of drawn 
diameters 
        flagSinglePixel = 0; 
        currentPoint = whiteList(1); 
  
        check = zeros(5,1); 
        check(1) = any(whiteList == (currentPoint - 1));  
        check(2) = any(whiteList == (currentPoint + 1)); 
        check(3) = any(whiteList == (currentPoint + 
BWdim(2) - 1)); 
        check(4) = any(whiteList == (currentPoint + 
BWdim(2))); 
        check(5) = any(whiteList == (currentPoint + 
BWdim(2) + 1)); 
  
        if sum(check) == 0 
            nn(1,fileListIndex) = nn(1,fileListIndex) + 
1; 
            flagSinglePixel = 1; 
        end 
        if sum(check) > 1  
            kk = 1; 
            while any(whiteList == (currentPoint + kk)) 
== 1  
                kk = kk + 1; 
            end 
            currentPoint = currentPoint + kk - 1; 
            pp(1, fileListIndex) = pp(1, fileListIndex) + 
1; 
        end 
        if (flagSinglePixel == 0) 
            endPoint1 = currentPoint; 
  
            foundEndPoint2 = 0; 
            while foundEndPoint2 == 0 
                remover = find(whiteList == 
currentPoint); 
                whiteList(remover) = []; 
                foundEndPoint2 = 1; 
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                if any(whiteList == (currentPoint - 1)); 
                    currentPoint = currentPoint - 1; 
                    foundEndPoint2 = 0; 
                elseif any(whiteList == (currentPoint + 
1)); 
                    currentPoint = currentPoint + 1; 
                    foundEndPoint2 = 0; 
                elseif any(whiteList == (currentPoint + 
BWdim(2) - 1)); 
                    currentPoint = currentPoint + 
BWdim(2) - 1; 
                    foundEndPoint2 = 0; 
                elseif any(whiteList == (currentPoint + 
BWdim(2))); 
                    currentPoint = currentPoint + 
BWdim(2); 
                    foundEndPoint2 = 0; 
                elseif any(whiteList == (currentPoint + 
BWdim(2) + 1)); 
                    currentPoint = currentPoint + 
BWdim(2) + 1; 
                    foundEndPoint2 = 0; 
                end 
  
            end 
            endPoint2 = currentPoint; 
            endPoints = [endPoints; endPoint1 endPoint2]; 
             
        else 
            remover = find(whiteList == currentPoint); % 
removes single pixel 
            whiteList(remover) = []; 
        end 
    end 
  
    Y1 = floor(endPoints(:, 1)/BWdim(2)); 
    X1 = (endPoints(:, 1)/BWdim(2) - Y1) * BWdim(2); 
    Y2 = floor(endPoints(:, 2)/BWdim(2)); 
    X2 = (endPoints(:, 2)/BWdim(2) - Y2) * BWdim(2); 
  
    particleSizes = sqrt((X1 - X2).^2 + (Y1 - Y2).^2); % 
pythag to find length of drawn diameters 
     
    scaledParticleSizes = [scaledParticleSizes; 
particleSizes * scales(fileListIndex)]; 
     
    delete = []; 
    for aa = 1:length(scaledParticleSizes) % removes 
outliers and noise by size in um 
        if scaledParticleSizes(aa)<20 % minimum 
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            delete = [delete aa]; 
        end 
        if scaledParticleSizes(aa)>300 % maximum 
            delete = [delete aa]; 
        end 
    end 
    scaledParticleSizes(delete)=[]; 
end 
figure(1) 
hist(scaledParticleSizes, [0:300/40:300]) 
counts = hist(scaledParticleSizes, [0:300/40:300]); 
title('Particle Size Analysis of Al Rg 800 psi Test 10 
Large Particles') 
xlabel('Particle Size (um)') 
ylabel('Count') 
  
ax1 = gca; 
set(ax1, 'Xcolor', 'k', 'YColor', 'k', 'xlim', [0 300]) 
ax2 = axes('Position',get(ax1,'Position'),... 
           'XTick',[],'YTick', [],... 
           'Color','none',... 
           'XColor','k','YColor','k', 'xlim', [0 300]); 
        
parameterEstimates = lognfit(scaledParticleSizes); 
  
range = 0:0.002:300; 
idealDistribution = lognpdf(range, parameterEstimates(1), 
parameterEstimates(2)); 
scaledIdealDistribution = idealDistribution .* 
sum(counts) .* 300/40; 
line(range,scaledIdealDistribution, 'Color', 'r', 
'Parent', ax2); 
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Appendix G: Manufacture of Drag Shield 
Components 
Table 11 – Components in drag shield (not including nose cone) 
Component Name Number of 
components 
bottomFrame 1 
topSupport 1 
shellWithHatch (opposite a door) 1 
top 1 
removableVerticalSupport 1 
flangeRemovableVertSupp 1 
topFrame1 2 
hookSupport 2 
shell (two will be used as doors) 3 
verticalSupport 3 
topFrame2 4 
*Clamps (for doors) 4 
*Long piano hinges (for doors) 2 
*Short piano hinge (for small 
hatch) 
1 
*Eye bolts 2 
**Bolts/nuts/studs/keen inserts N/A 
*Component is off-the-shelf and no drawing was made. 
**Workshop provided. 
Notes: 
Do not weld anything. Stresses during normal use will crack welds. 
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Assembly 
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Appendix H: Manufacture of Nose Cone 
Components 
Table 20 – Components in nose cone 
Component Name Number of components 
dome 1 
noseConeLid 1 
cylinderSupport 1 
concreteLid 1 
screwSupport 4 
fin1 4 
fin2 4 
 
Notes: 
Weld everything together first. Fill with lead shot by drilling a small hole into the 
dome and funnelling the lead shot inside. Fill/weld hole. 
Dome spun (metal spinning) by Queensland Metal Spinners. 
Lead shot sourced from Consolidated Alloys. 
Costs: 
Dome including inside components and welding $3362.56 
Lead shot including delivery $487.85 
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Assembly 
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Drawings 
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Appendix I: Manufacture of Drop Shelf 
Components 
Table 13 - Components in drop shelf 
Component Name Number of Components 
base plate 1 
Cross member bottom plate 1 
Cross member bracket 4 
Plate brackets 12 
Cross member top plate 1 
Shortened upright 4 
Side cross member 2 
Top plate 1 
shelf support plate 2 
shelf support RHS 2 
 
Notes: 
Weld shelf support plates and shelf supports to make the shelf support assembly. 
Everything else to be held together by bolts. 
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Assembly 
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Appendix J: Manufacture of Camera 
Mount 
Components 
Table 14 - Components in camera mount 
Component Name Number of Components 
backPanel 1 
basePlate 1 
platform 1 
suspendedPlate 1 
sidePanel 2 
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Assembly 
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Drawings 
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